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Cobalt is a classic ferromagnetic material and finds applications in magnetic 
random access memory devices. As an emerging patterning technique, area-selective 
atomic layer deposition (AS-ALD) of cobalt films has the advantages of low cost and low 
film damage compared with the current patterning approach of photolithography 
followed by etching of cobalt films. This research explores the routes to realize the AS-
ALD of ferromagnetic cobalt films. 
Carbon-free Co films have been deposited on MgO(001) and SiO2/Si substrates 
by low temperature thermal ALD of CoO and subsequent low temperature atomic 
deuterium reduction of CoO. While high temperature D2 reduction of CoO results in 
rough and disconnected Co islands, low temperature D reduction of CoO produces 
smooth and continuous Co films. The Co films produced by low temperature D reduction 
exhibit a smaller coercivity than the Co films produced by high temperature D2 reduction.  
Reduction conditions affect the microstructure and the magnetic properties of the 
reduced Co films. The process-structure-property relationship has been elucidated. The 
 ix 
increase of reduction temperature, partial pressure of deuterium, and reaction time 
increases the average grain size and coercivity of the reduced Co films. Co films that are 
grown on substrates with lower dewetting tendency, such as MgO and Al2O3, show 
smaller average grain size and smaller coercivity.  
Polystyrene (PS) has been proposed to work as a passivation material to realize 
the AS-ALD of cobalt films. PS is effective in inhibiting the nucleation and film growth 
of CoO on oxide substrates. Micro-patterns and nano-patterns of CoO have been grown 
by AS-ALD through PS templates produced by photolithography and PS templates 
created by directed self-assembly of diblock copolymer, respectively. CoO patterns can 
be further reduced to form Co patterns without deformation. 
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Chapter 1: Introduction 
1.1 MOTIVATION 
As device dimensions for integrated circuits approach the physical limits, it is 
increasingly difficult to improve the performance of current memory chip designs, 
including dynamic random access memory (DRAM), static random access memory 
(SRAM) and flash, by scaling-down.1 This pushes the need for development of next 
generation memories, in which spin-transfer torque random access memory (STT-RAM) 
is considered as one of the most promising candidates.2–4 STT-RAM is a magnetic 
memory utilizing spin-polarized current to write magnetic bits. It is non-volatile and can 
be scaled down below 10 nm. STT-RAM combines the high performance of DRAM and 
SRAM, and the low power consumption of flash. The most important part in a STT-RAM 
device is the magnetic tunnel junction (MTJ) stack where the spin transfer torque 
happens and where the data are stored, as shown in Figure 1.1a.4–7 There are mainly two 
ultra-thin (2-3 nm) ferromagnetic layers isolated by a dielectric barrier layer (1-2 nm) in 
the stack. The film purity and film structure integrity of the stack affect the performance 
of the STT-RAM device and so the patterning of MTJ stack (including film deposition 
and feature sculpture) has attracted considerable attention.8,9  
The different approaches to patterning are generally classified as either top-down 
or bottom-up.10 Top-down approaches utilize lithography and subsequent etching steps to 
sculpt nanoscale features, while bottom-up approaches assemble nanostructures through 
the thermodynamic interactions between molecules. The current dominant technology for 
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patterning the MTJ stack is the top-down approach. After the film stack is deposited, 
lithography is utilized to define the pattern and then the pattern is transferred into the 
stack by etching. This approach has been extensively studied, but there are still several 
limitations with it. First, there is always feature loss associated the etching process, which 
results in poor control of the final stack nanoshape.11 Figure 1.1b shows a MTJ stack 
patterned by lithography and etch, from which non-vertical sidewalls can be seen.11  The 
etching process also causes potential physical or chemical damage to the film quality and 
structure integrity, and this degrades the device performance.12 Additionally, both 
lithography and etching are very expensive and this leads to high production costs.10 This 








1.2.1 Area-Selective Atomic Layer Deposition 
As the critical dimension of electronics approaches sub-10 nm scales, current 
patterning techniques enabled by lithographic and etch processes are experiencing more 
and more challenges.13–16 The development of advanced lithographic processes, such as 
extreme ultraviolet lithography, and advanced etch processes, such as multiple patterning, 
are progressing the further scale-down of chip.17–22 A huge challenge with these advanced 
technologies is their high cost.23 At the same time the development of alternate pattering 
techniques, such as bottom-up patterning, are drawing increased attention. Bottom-up 
patterning utilizes interactions between molecules to assemble nanostructures, which 
imparts the low-cost advantage.24–26 A typical example of bottom-up patterning that is 
being explored extensively is area-selective deposition (ASD).27–31 Based on the principle 
that film nucleation and growth only happen at reactive sites rather than inert sites, ASD 
employs specific surface chemistries to deposit material on desired regions of a substrate 
selectively.32 The selectivity offers ASD the potential of self-alignment and the reduction 
of lithography and post-deposition etch steps.28   
Atomic layer deposition (ALD) is a self-limiting chemical vapor phase deposition 
technique.33 In a typical ALD cycle, precursor A is first introduced into the reactor to 
saturate the reactive sites on the surface. After excess precursor A is purged out, 
precursor B flows into the reactor and reacts with the reactive sites associated with 
chemisorbed precursor A on the surface. After purging out the byproducts and excess 
precursor B, up to one layer of the film is grown. The cycles are carried out until the 
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desired film thickness is achieved, as shown in Figure 1.2.34 Due to the self-limiting 
behavior, ALD can produce highly uniform and conformal films over three-dimensional 
structures with precise thickness control, which meets well the demands of sub-10 nm 
node fabrication.33 Therefore, ALD is an excellent approach to achieve ASD and there 
have been increasing reports working on area-selective atomic layer deposition (AS-
ALD).27–29,31,35 In the practice of AS-ALD, there are regions of different reactivities 
toward ALD precursors on pre-patterned substrates. ALD precursors absorb on the 
reactive regions and films grow there. Area-activation and area-deactivation are two 
common ways to create regions of different reactivities toward ALD precursors on a 
substrate, as shown in Figure 1.3.36 Area-activation means desired regions of non-reactive 
substrates are functionalized by reactive groups while area-deactivation means desired 
regions of reactive substrates are passivated by non-reactive groups.37,38 
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Figure 1.2. Schematic of ALD reaction process.34 
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Figure 1.3. Schematic of area-selective ALD.36 
1.2.2 Passivation Materials for AS-ALD 
The selection and patterning of passivation materials is the key to AS-ALD 
enabled by area-deactivation.36 Self-assembled monolayers, such as 
octadecyltrichlorosilane, are the most-widely used passivation materials in current ASD 
studies due to their excellent passivation effects and self-alignment behavior to certain 
surface sites.39–44 But SAMs have their limitations. First, to produce a defect-free SAM 
layer that can block nucleation and growth well, extended SAM deposition time as long 
as 24 h is required for many SAMs.42,45 Besides, SAMs are just monolayers and if a thick 
ALD film is grown, it can grow up and beyond the feature boundary. SAMs have the 
potential to be degraded or even damaged and so lose their passivation capabilities after a 
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long deposition time, which leads to SAM failure in ASD of thick films.46,47 Additionally, 
SAM patterning approaches have not been fully developed. While micro-patterns can be 
generated by methods like microcontact printing, nano-patterning of SAMs is still 
difficult.37,40  
To overcome these limitations of SAMs and target the applications that SAMs 
cannot meet, considerable research attention has focused on another group of passivation 
materials—polymer films.31,48–52 Defect-free polymer films can be coated onto a substrate 
within a few minutes and polymer film thickness can be easily tuned from nanometers to 
micrometers. So using polymer films as passivation materials can work in ASD of thick 
films. Another important advantage is that there have been many developed patterning 
approaches for polymer films to produce both micro-patterns and nano-patterns, such as 
photolithography and directed self-assembly.53 A number of polymers have been 
identified as effective growth inhibitors to certain materials, such as polyimide and 
polymethacrylamide to platinum deposition,38,52 poly(vinyl pyrrolidone) to noble metal 
deposition,51 and poly(methylmethacrylate) to TiO2 deposition.
31 However, there is no 
report exploring the feasibility of using polystyrene (PS) as a passivation material. There 
are only C and H elements in PS as shown in Figure 1.4, so the materials whose 
nucleation and growth rely on hydroxyl groups cannot grow on PS film in principle. PS 
films possess no glass transition temperature after UV-induced crosslinking,54 which 
means PS film can work over a wide temperature window (< 240 °C). Besides, as a 
photo-sensitive polymer and a common component of copolymers, PS can be patterned 
easily by photolithography or direct self-assembly. A diblock copolymer is a polymer 
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consisting two different kinds of monomers whose chains are grafted together. Tuned by 
molecular interaction and component fraction, monomer segments can segregate and 
form regular and periodic structures, and this process is called directed self-assembly, as 
shown in Figure 1.5.55 Polystyrene-block-poly(methylmethacrylate) is the most common 
diblock copolymer and its self-assembly has been studied extensively, which can offer 
nanoscale PS patterns after removing PMMA component.56–58 These advantages make PS 
film a promising passivation material candidate. 
 
Figure 1.4. Schematic of repeat unit of polystyrene.  
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Figure 1.5. Schematic of directed self-assembly of diblock copolymers.55  
1.2.3 ALD of Cobalt Metal  
Cobalt (Co) and magnesium oxide (MgO) are typical ferromagnetic and tunnel 
barrier layers, respectively, in a MTJ stack. The ALD of MgO is well-explored while the 
ALD of Co remains sparse. While most cobalt ALD precursors are organometallic 
compounds, relatively high energy is needed to convert the Co2+ or Co
3+ to Co0, and the 
relatively high energy normally comes from either plasma enhancement or high 
temperature. Plasma-enhanced ALD of cobalt metal has been reported by using 
precursors like Co2(CO)8, CoCp2, and Co(MeCp)2 and plasmas like H2 and NH3. But 
plasma may damage the substrate surface and the anisotropy of plasma bombardment 
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compromises the excellent conformality of ALD. 59–61 Themal ALD of cobalt metal has 
been achieved at a temperature above 260 °C by using bis(N,N'-di-i-
propylacetamidinato)cobalt(II) and bis(N-t-butyl-N'-ethylpropanimidamidato)cobalt(II) 
precursors and H2, but there is incorporation of C and N impurities in the Co film due to 
the decomposition of precursor ligands at high temperature.62–64 Besides, both plasma and 
high temperature may damage passivation materials and so are not compatible with area-
selective deposition using SAMs and possibly PS. Recently, with the development of new 
cobalt precursors and new coreactants, thermal ALD of cobalt metal has been 
demonstrated at a relatively low temperature below 200 °C by the Chabal and Winter 
groups, but these processes cannot grow Co on oxide substrates due to the selective 
nucleation behavior of their precursors toward metal substrates.65–67 This means these 
processes cannot apply to deposition of cobalt metal on a tunnel barrier oxide for MTJ 
fabrication. 
Another strategy to produce metal films is reducing metal oxides by using 
reducing agents. A common problem for this strategy is dewetting phenomenon during 
high temperature processing of metals on oxide substrates, especially for ultrathin metal 
films.68–71 Figure 1.6 shows a schematic of dewetting. The driving force of dewetting is 
the minimization of the total energy of the film-substrate interface, film surface and 
substrate surface.68 The edges of metastable films have the tendency to shrink and form 
islands when enough atom mobility is offered by thermal energy. Dewetting normally 
starts at the edges of voids which can be as small as nanometer size. During reduction the 
loss of oxygen atoms creates voids within the films, which facilitates the onset of 
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dewetting. Common solutions to suppress dewetting include lowering heat input and 
using an adsorbate layer or a capping layer to restrain surface diffusion.68 
Figure 1.6. Schematic of dewetting.68  
1.3 RESEARCH OBJECTIVES AND CHAPTER OVERVIEW 
The goal of this research project is to achieve area-selective atomic layer 
deposition of cobalt metal films on an MgO tunnel barrier as a step toward fabrication of 
a magnetic tunnel junction. The route of depositing CoO by an AS-ALD process and then 
reducing CoO to Co metal is selected. To realize this goal, a fabrication process that leads 
to impurity-free and continuous cobalt metal films on MgO and that is well compatible 
with area-selective deposition process needs to be developed. Moreover, the reduction 
process determines the microstructure and the magnetic properties of the resulting cobalt 
metal film. Therefore a study elucidating the process-structure-property relationship is 
very useful to produce cobalt metal films with the desired magnetic properties for the 
MTJ application. Besides, exploration of the proper passivation materials that block 
cobalt oxide growth on the MgO surface and the demonstration of this AS-ALD process 
are in demand.  
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Chapter 2 introduces the research facilities, characterization methods, and 
experimental details of the work.  
In Chapter 3, we report the deposition of 4.5-nm thick cobalt (II) oxide on SiO2/Si 
and MgO(001) substrates at a temperature of 170–180 °C by ALD using bis(N-tert butyl, 
N’-ethylpropionamidinato) cobalt (II) and deionized water as co-reactants. The resulting 
CoO film is smooth and carbon-free. Two low temperature (around 200 °C) reduction 
methods are discussed including deuterium atom reduction and use of an O scavenger 
layer (Al metal). The low temperature methods can attenuate dewetting to a large extent 
and the resulting metallic cobalt is smooth and continuous film. 
Chapter 4 analyzes how the parameters of the deuterium atom reduction of CoO 
affect the structure and magnetic properties of the resulting Co film. The increase of 
reduction temperature, partial pressure of deuterium, and reaction time increases the 
average grain size and the roughness of the Co film. Co films with larger average grain 
size show higher coercivity in magnetic measurements. The film structure and coercivity 
also depend on the substrate choice. Co films that are grown on substrates with lower 
dewetting tendency, such as MgO and Al2O3, show smaller average grain size and smaller 
coercivity.  
In Chapter 5, we explore the passivation effects of polystyrene and demonstrate 
the area-selective deposition of cobalt (II) oxide on polystyrene-patterned SiO2/Si and 
MgO(001) substrates. The CoO patterns can be further reduced to produce Co metal 
patterns without deformation by using atomic deuterium reduction at 220 °C. Polystyrene 
is very effective in blocking atomic layer deposition of CoO. The polystyrene is patterned 
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using UV-crosslinked 40-nm PS films or using self-assembled 40-nm polystyrene-
polymethylmethacrylate (PS-PMMA) films.  
Finally, Chapter 6 summarizes this work and proposes some suggestions for 
potential future directions of this research project.  
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Chapter 2: Research Methodology 
2.1 RESEARCH FACILITIES 
Figure 2.1 shows the ultra-high vacuum (UHV) system in Materials Physics 
Laboratory where most of our experiments were conducted. There is an atomic layer 
deposition (ALD) chamber, a reduction chamber, an X-ray photoelectron spectroscopy 
(XPS) analysis chamber and a molecular beam epitaxy (MBE) chamber in the UHV 
system.  
Figure 2.1. Schematic of the UHV system used in this work.1 
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The ALD chamber is custom-built as shown in Figure 2.2. It is a hot wall stainless 
steel rectangular chamber with the length of 20 cm and the volume of 460 cm3. Ultrahigh 
purity argon is used as a purge/carrier gas and the flow rate is regulated by mass flow 
controllers. The substrate temperature is monitored with a reference thermocouple in the 
ALD chamber that was previously calibrated against an instrumented wafer.  
 
Figure 2.2. Schematic of the ALD chamber used in this work.1 
 
The reduction chamber is shown in Figure 2.3. The components from top to 
bottom in Figure 2.3b are a pyrolytic boron nitride heater, a sample stage, and a tungsten 
filament, respectively. Deuterium gas (Matheson, 99.999%) flows into the chamber from 
the top and its partial pressure is controlled by a leak valve. The pyrolytic boron nitride 
heater is 2 cm above the sample stage. The sample stage is positioned approximately 4 
cm above and faced toward the tungsten filament. The sample temperature is monitored 
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with a reference thermocouple in the vacuum chamber that was previously calibrated 
against an instrumented wafer. The tungsten filament is a 400-W Osram Xenophot bulb, 
which has part of the glass enclosure removed to expose the filament. A current of 5.2 A 
can be supplied by a DC power supply (KEPCO, MSK10-10M) to the tungsten filament 
and produce a temperature above 1800 K, which was calibrated by a thermal pyrometer. 
At this temperature, the tungsten filament can crack deuterium molecule to generate 
atomic deuterium.2 The flux of atomic deuterium is estimated around 2×1013 D/cm2·s 
based on previous work.3 When the tungsten filament is not powered on, the sample on 
the stage is processed by D2 gas. When the tungsten filament is powered on, the sample 
on the stage is processed by a combination of D2 gas and D atoms.  
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Figure 2.3. (a) Image of the reduction chamber. (b) and (c) are inside side view and inside 
front view of the chamber, respectively.4 
 
An in-situ VG Scienta R3000 XPS system with a monochromated Al Kα source at 
1486.6 eV was used to determine film stoichiometry and composition, and the oxidation 
states of substrates and films. The absolute energy scale of the analyzer of the XPS 
system was calibrated using a two-point measurement such that the Ag 3d5/2 core level is 
at 368.26 eV and the Fermi edge of Ag is at 0.0 eV. A reference Co 2p XP spectrum for 
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cobalt-based materials is shown in Figure 2.4.5 The DCA-MBE is equipped with six 
effusion cells (four standard and two high-temperature), a four-pocket electron beam 
evaporator, a quartz crystal microbalance (QCM), a reflective high energy electron 
diffraction system (RHEED, Staib Instruments operating at 21 keV) and a radio 
frequency plasma source of both oxygen and nitrogen. Film crystallinity was observed in-
situ by RHEED. 
 
Figure 2.4. Co 2p XP spectrum for Co metal, CoO, Co(OH)2 and Co3O4.
5  
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2.2 EX-SITU CHARACTERIZATIONS 
X-ray reflectivity (XRR) was used to determine the film thicknesses and growth 
rate. XRR was conducted by a Panalytical X’PERT Pro diffractometer using a sealed 
tube Cu Kα radiation source (λ ~ 1.5406 Å) operating at 40 kV and 30 mA. For 
continuous films with a thickness over 4 nm, oscillation is observable from XRR, and the 
thickness is estimated by using the Kiessig fringe period.6 The film thickness is 
calculated by Bragg’s Law  	 =  /(2sinΔ ), while λ (1.5406 Å) is the wavelength of 
incident wave. Figure 2.5 shows an XRR example of 300-cycle CoO film grown on 
MgO(001) substrate by ALD. From this graph it is seen that 2  = 0.98	 degree,	 so the 
thickness   is 89.8 Å and the grow rate is about 0.3 Å/cycle. 
 
Figure 2.5. XRR result of a 300-cycle CoO film grown on MgO(001) substrate by ALD. 
 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were 
used to characterize the film morphology and the structure of the patterns. SEM was 
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conducted by a ZEISS Neon 40 SEM equipped with Bruker energy dispersive 
spectroscopy (EDS). AFM was conducted by a Veeco Icon AFM system with tapping 
mode with Bruker TESPA AFM tips.  
Magnetic property measurements were carried out with a Quantum Design 
physical property measurement system (PPMS) combined with the vibrating sample 
magnetometry (VSM) option. Magnetization hysteresis loops were measured with the 
magnetic field applied parallel to the plane of the thin films. For all the measurements, 
the samples were at room temperature (25 °C). 
2.3 EXPERIMENTAL METHODS 
2.3.1 Sample Preparation, Film Growth and Reduction 
Four-inch wafers of SiO2/Si(001) were prepared by a thermal oxidation method, 
which produce an amorphous 300 nm-thick SiO2 layer on Si substrates. The 0.5 mm-
thick wafers were then cut into 20 × 20 mm2 pieces. MgO(001) substrates of 10 mm × 10 
mm × 0.5 mm are purchased from MTI corporation. The substrates were ultrasonically 
cleaned with acetone, isopropyl alcohol, and deionized (DI) water for 5 min each, 
followed by UV/ozone treatment for 15 min to remove residual carbon contamination.  
Bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) (Strem, 98%) and 
deionized water were used as co-reactants for the ALD growth of CoO. During CoO 
growth, the Co precursor and water were held at 80 °C and room temperature (25 °C), 
respectively, while the substrate was maintained at a temperature range of 170–180 °C. 
The water dosing was regulated using an in-line needle valve. Each cycle of CoO growth 
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consisted of a 2-sec dose of Co, a 20-sec purge of Ar, a 1-sec dose of H2O, and a 20-sec 
purge of Ar. The deposition of Al metal was performed in a MBE chamber at 200 °C 
with a base pressure of 5×10-9 Torr. The deuterium gas and deuterium atom reduction 
were conducted in a custom-built vacuum chamber. The deuterium gas partial pressure 
was controlled by a leak valve. The sample temperature was monitored with a reference 
thermocouple in the vacuum chamber that was previously calibrated against an 
instrumented wafer.  
2.3.2 Preparation of Polystyrene Templates for Area-Selective Deposition 
Polystyrene (Aldrich, with average Mw = 200000) was dissolved in propylene 
glycol methyl ether acetate (Sigma-Aldrich, 99.5%) to prepare a 2 wt% polystyrene 
solution. The 2 wt% polystyrene solution was spincoated onto cleaned SiO2/Si or 
MgO(001) substrates to form a 40 nm-thick polystyrene film on the substrates. The 
PS/SiO2/Si or PS/MgO(001) samples were then exposed by 185 nm and 254 nm 
ultraviolet light in an ambient or N2 environment with a shadow mask on the top of 
samples. The shadow mask used in this work was a slim-bar 1000 mesh copper TEM grid 
with pitch of 25 µm, bar width of 6 µm and hole width of 19 µm. The PS regions that 
were not shadowed by the mask were exposed to deep UV light and crosslinked while the 
PS regions that were shadowed by the mask were not exposed to deep UV light and not 
crosslinked. After UV light exposure, the samples were rinsed by toluene (Fisher 
Chemical, 99.9%) and cleaned by DI water. The PS regions that were not crosslinked 
were removed and PS micro-patterns formed on substrates.    
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PS nano-patterns were formed by using self-assembled PMMA-PS diblock 
copolymers. Random copolymer poly(styrene-co-methyl methacrylate) with α-hydroxyl-
ω-tempo moiety terminated was purchased from Polymer Source. The Mn of the random 
copolymer was 6400 with 59.5 mol% styrene. The random copolymer was dissolved in 
toluene to prepare a 1 wt% random copolymer solution. Poly(styrene-b-methyl 
methacrylate) diblock copolymer was also purchased from Polymer Source. The Mn of 
styrene was 55000 and the Mn of methyl methacrylate was 22000. The diblock 
copolymer was dissolved in toluene to prepare a 1 wt% diblock copolymer solution. The 
1 wt% random copolymer solution was first spincoated onto cleaned SiO2/Si or 
MgO(001) substrates to form a 50 nm-thick polymer layer. Then the samples were heated 
on a hot plate at 230 °C for 10 min, in which about 3 nm-thick brush layer was end-
grafted onto substrates. After rinsing the samples by toluene, the bulk non-grafted 
random copolymer was removed and only the 3 nm-thick end-grafted brush layer 
remained on substrates. The 1 wt% diblock copolymer solution was then spincoated onto 
the brush layer-coated substrates to form a 50 nm-thick polymer layer. The samples were 
heated on a hot plate at 230 °C for 5 min during which PMMA formed cylinders aligned 
perpendicular to the substrate and PS formed a matrix. The PMMA cylinders and 
underlying brush layer were removed by plasma etching to generate nano-patterns of PS 
with 20-30 nm holes and 40-50 nm pitch on the substrates.     
 28 
2.4 REFERENCES 
1. McDaniel, M. D., Posadas, A., Wang, T., Demkov, A. A. & Ekerdt, J. G. Growth 
and characterization of epitaxial anatase TiO2(001) on SrTiO3-buffered Si(001) 
using atomic layer deposition. Thin Solid Films 520, 6525–6530 (2012). 
2. Bischler, U. & Bertel, E. Simple source of atomic hydrogen for ultrahigh vacuum 
applications. J. Vac. Sci. Technol. A 11, 458–460 (1993). 
3. McCrate, J. M. & Ekerdt, J. G. Detection of Low-Density Surface Sites on Silica: 
Experimental Evidence of Intrinsic Oxygen-Vacancy Defects. Chem. Mater. 26, 
2166–2171 (2014). 
4. Shen Hu. PhD dissertation. (2017). 
5. Biesinger, M. C. et al. Resolving surface chemical states in XPS analysis of first 
row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Appl. Surf. 
Sci. 257, 2717–2730 (2011). 
6. Pietsch, U., Holy, V. & Baumbach, T. High-Resolution X-Ray Scattering: From 












Chapter 3: Atomic Layer Deposition of Cobalt Oxide and Low 
Temperature Reduction to Form Smooth and Continuous Cobalt Metal 
Thin Film 
3.1 INTRODUCTION 
Cobalt oxides have a wide range of applications, such as photocatalysts, 
electrodes, optical sensors, magnetic detectors, and catalysts, etc.1–7 Thin films of cobalt 
oxides have been grown on different substrates exhibiting a variety of properties.2–6 
Cobalt (II) oxide has a band gap of 2.4 eV, which has been used for visible light driven 
photoelectrochemical water oxidation.2 Cobalt spinel, Co3O4, a semiconductor with a 
band gap of 1.6 eV has been used for sensing, spintronics, and catalysis applications.3–6 
The growth of CoO and Co3O4 have been performed using different growth techniques, 
such as molecular beam epitaxy (MBE),8–10 pulsed laser deposition,11,12 chemical vapor 
deposition (CVD),13–15 and atomic layer deposition (ALD).2,16–18 Among them, ALD 
offers great film uniformity and conformality over large substrates, which are desired for 
most of applications. There have been a number of reports on the growth and 
characterization of cobalt oxides using ALD.2,17–19  
Compared to cobalt oxides, cobalt metal is a widely-studied material for 
microelectronics and memory applications.20–28 Co is well-known to have a good 
adhesion on the Cu surface. So Co and Co alloys thin films have been studied as a Cu 
electromigration barrier and as a next-generation liner material in the back end of line 
(BEOL) interconnects.20–23 Besides, Co and Co alloys, such as CoFe and CoFeB, have 
been proposed as potential magnetic materials for the magnetic tunnel junction (MTJ).24–
28 A basic MTJ is composed of two ferromagnetic layers (known as the fixed and free 
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layers) separated by an ultra-thin insulating tunneling barrier.26 While magnetic moment 
orientation of the fixed layer remains unchanged, the magnetic moment orientation of 
free layer can be switched during device-functioning. Crystallographic structure, particle 
size, and texture deeply effect magnetic properties, such as anisotropy, coercivity, and the 
magnetization reversal process. Therefore, the study of magnetic behavior of Co and Co 
alloys has attracted considerable attention.29–32 Co metal can be used as either the fixed or 
free layer depending on its structure and particle size.30–35  
The deposition of Co and Co alloys thin films has been performed by both 
physical vapor deposition and CVD techniques.27–35. With down-scaling of feature sizes 
of electronic devices, thin film uniformity and conformality become increasingly 
important, and this makes ALD a very attractive technique for cobalt metal film 
deposition, especially ultrathin cobalt metal films in interconnects or the MTJ stack. One 
advantage of ALD is precise thickness control at the monolayer level. The precursors will 
adsorb and subsequently desorb from the surface areas where reaction has reached 
completion to form a monolayer.36 The self-limiting behavior of ALD produces very 
smooth and conformal films to the underlying substrates. When compared to sputtered 
Co-based magnetic films, a promising advantage of ALD films is that patterned films can 
be directly grown by area-selective ALD with reduction of alignment and post-deposition 
etching steps.37–39 This has the potential to minimize the film quality degradation coming 
from structural or compositional damages caused by etching.  
There are limited reports of ALD of cobalt metal.39–47 While most cobalt ALD 
precursors are organometallic compounds, relatively high energy is needed to convert the 
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Co2+ or Co
3+ to Co0, and the relatively high energy normally comes from either plasma 
enhancement or high temperature. Plasma-enhanced ALD of cobalt metal has been 
reported by using precursors like Co2(CO)8, CoCp2, and Co(MeCp)2 and plasmas like H2 
and NH3, but a plasma may damage the substrate surface and the anisotropy of  plasma 
bombardment compromises the excellent conformality of ALD. 40–42 Thermal ALD of 
cobalt metal has been achieved at a temperature above 260 °C by using bis(N,N'-di-i-
propylacetamidinato)cobalt(II) and bis(N-t-butyl-N'-ethylpropanimidamidato)cobalt(II) 
precursors and H2, but there is incorportaion of C and N in the Co film due to the 
decomposition of precursors at high temperature.39,43,44 Recently, thermal ALD of cobalt 
metal has been demonstrated at a relatively low temperature below 200 °C by Chabal and 
Winter groups, but these processes cannot grow Co on oxide substrates due to the 
selective nucleation behavior of their precursors toward metal substrates.45–47         
Another strategy to produce metal films is reducing metal oxides by using 
reducing agents. In this study, we investigate the feasibility of producing cobalt films by 
reducing cobalt oxide. The reduction of CoO on oxide substrates by using hydrogen or 
deuterium gas at 400-500 °C reported herein results in discontinuous cobalt islands 
instead of continuous cobalt films. This dewetting phenomenon is common during high 
temperature processing of metals on oxide substrates, especially for ultrathin metal 
films.48–51 Driven by minimization of the total energy of the film-substrate interface, film 
surface and substrate surface, the edges of metastable films have the tendency to shrink 
and form islands when enough atom mobility is offered by thermal energy.48 Dewetting 
normally starts at the edges of voids which can be as small as nanometer size. During 
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reduction the loss of oxygen atoms creates voids within the films, which facilitates the 
onset of dewetting. In this work, we report a method combining low temperature (~180 
°C) ALD process and low temperature (~200 °C)  reduction process to growing impurity-
free and continuous cobalt metal films on oxide substrates.  
3.2 EXPERIMENTAL DETAILS 
Four-inch wafers of SiO2/Si(001) were prepared by a thermal oxidation method, 
which produce an amorphous 300 nm-thick SiO2 layer on Si(001) substrates. The 0.5 
mm-thick wafers were then cut into 20 × 20 mm2 pieces. MgO(001) substrates of 10 mm 
× 10 mm × 0.5 mm were purchased from MTI corporation. The substrates were 
ultrasonically cleaned with acetone, isopropyl alcohol, and deionized water for 5 min 
each, followed by UV/ozone treatment for 15 min to remove residual carbon 
contamination. The substrates were loaded into the UHV system and then in-situ 
transferred to the ALD chamber for CoO deposition. The ALD system is a custom-built, 
hot-wall stainless steel rectangular 20 cm long chamber, with a reactor volume of 460 
cm3. Ultrahigh purity argon was used as a purge/carrier gas. The substrate temperature 
was monitored with a reference thermocouple in the ALD chamber that was previously 
calibrated against an instrumented wafer.  
Bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) (Strem, 98%) and 
deionized water were used as co-reactants for the ALD growth of CoO. During CoO 
growth, the Co precursor and water were held at 80 °C and room temperature (25 °C), 
respectively, while the substrate was maintained at a temperature range of 170–180 °C. 
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The water dosing was regulated using an in-line needle valve. Each cycle of CoO growth 
consisted of a 2-sec dose of Co, a 20-sec purge of Ar, a 1-sec dose of H2O, and a 20-sec 
purge of Ar. The deposition of Al metal was performed in a customized DCA 600 MBE 
system with a base pressure of 5×10-9 Torr.52 The deuterium gas and deuterium atom 
reduction were conducted in a custom-built vacuum chamber. Atomic D was generated 
by a 400-W Osram Xenophot bulb, which had part of the glass enclosure removed to 
expose the tungsten filament. A current of 5.2 A was supplied by a DC power supply 
(KEPCO, MSK10-10M) to the tungsten filament and the filament temperature was ~1800 
K, as measured by a pyrometer. At this temperature, the tungsten filament can crack 
molecular deuterium to generate atomic deuterium.53 The deuterium gas (Matheson, 
99.999%) pressure was controlled by a leak valve. The sample was positioned 
approximately 4 cm above, and faced toward the tungsten filament. A pyrolytic boron 
nitride heater from Momentive was 2 cm above the sample. The sample temperature was 
monitored with a reference thermocouple in the vacuum chamber that was previously 
calibrated against an instrumented wafer.  
X-ray reflectivity (XRR) and scanning electron microscopy (SEM) were used to 
determine the CoO film thicknesses and growth rate. XRR was conducted by a 
Panalytical X’PERT Pro diffractometer using a sealed tube Cu Kα radiation source (λ ~ 
1.5406 Å) operating at 40 kV and 30 mA. SEM was conducted by a ZEISS Neon 40 
SEM equipped with Bruker energy dispersive spectroscopy (EDS). The CoO film 
crystallinity and orientation were determined by in-situ reflection high energy electron 
diffraction (RHEED). RHEED was performed using a Staib Instruments RHEED gun 
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operated at 18 keV energy and 3° grazing incidence. An in-situ VG Scienta R3000 X-ray 
photoelectron spectroscopy (XPS) system with a monochromated Al Kα source at 1486.6 
eV was used to determine film stoichiometry and composition, and the oxidation states of 
cobalt. The absolute energy scale of the analyzer on the XPS system is calibrated using a 
two-point measurement such that the Ag 3d5/2 core level at 368.26 eV and the Fermi edge 
of Ag at 0.0 eV. An ex-situ Veeco Icon atomic force microscopy (AFM) system is used to 
characterize the film morphology with tapping mode with Bruker TESPA AFM tips.  
Magnetic property measurements were carried out with a Quantum Design 
physical property measurement system (PPMS) combined with vibrating sample 
magnetometry (VSM) option. Magnetization hysteresis loops were measured with the 
magnetic field applied parallel to the plane of the thin films. For all the measurements, 
the samples were at room temperature (25 °C). 
3.3 RESULTS AND DISCUSSION 
3.3.1 Growth of CoO on Amorphous SiO2/Si and Single Crystal MgO(001) 
Substrates 
Figure 3.1a shows the Co 2p X-ray photoelectron (XP) spectrum of 4.5 nm-thick 
CoO films grown on SiO2/Si (red color) and on MgO(001) (blue color) at a temperature 
of 180 °C. All XPS peak positions were shifted by taking the CoO O 1s elemental peak to 
be at 530 eV. The binding energies of the main peaks are at 780.5 eV and 796.5 eV for 
Co 2p3/2 and Co 2p1/2 levels, respectively, and at 786.4 eV and 803.0 eV for the Co 2p3/2 
and Co 2p1/2 for satellite peaks, respectively. The 2p binding energy position in 
conjunction with the very strong satellite at ~ 6 eV higher binding energy is consistent 
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with Co being in the +2 valence state with high spin.54 Figures 3.1b and 3.1c show 
RHEED images of CoO thin films grown on SiO2/Si
 and MgO(001) substrates, 
respectively. The centered-ring patterns (as shown in Figure 3.1b) indicate that the CoO 
thin films grown on SiO2/Si have polycrystalline microstructure. The RHEED images in 
Figure 3.1c show clear dotted streaks, which means that the CoO films grown on single 
crystal MgO(001) are epitaxial with the underlying substrate and have some surface 
roughness. The growth rate of CoO was found to be ~ 0.3 Å/cycle on both SiO2/Si and 
MgO(001) substrates.  
 
Figure 3.1. Co 2p XP spectrum of 4.5 nm-thick CoO films on SiO2/Si and MgO(001) 
substrates grown by ALD at ~ 180 °C [Figure 3.1a (red color) and Figure 
3.1a (blue color), respectively]. RHEED images of a 4.5 nm-thick CoO film 
grown on SiO2/Si (Figure 3.1b) and a 4.5 nm-thick CoO film grown on 
MgO(001) (Figure 3.1c). 
 
The formation of CoO films on SiO2/Si and MgO(001) is observed over the 170–
270 °C temperature range. At temperature higher than 305 °C, cobalt metal formation 
Co 2p 
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was observed instead of CoO. Figure 3.2a displays Co 2p XP spectrum of 200-cycle CoO 
films grown at temperatures of 270 °C (black color), 305 °C (red color), and 345 °C (blue 
color). While the film grown at 270 °C still shows the presence of CoO, the films grown 
at 305 °C and 345 °C show the presence of Co metal. However, there is ~ 31 % carbon 
incorporated into the 305 °C and 345 °C cobalt films as estimated using XPS (Figure 
3.3). The C 1s XPS intensity remains the same after a 15 min vacuum anneal at 500 °C 
(as shown in Figure 3.3b). This is different from the residual C (<2%) detected on the 
surface of as-deposited CoO films, which disappears after a slight vacuum anneal, as 
shown in Figure 3.3a. Carbon incorporation into Co films has also been reported using 
the same precursor [bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II)] and hydrogen 
as a reducing agent.43,44 Figure 3.2b and 3.2c represent RHEED images of Co metal 
grown on the MgO(001) substrate at 345 °C and 305 °C, respectively. The ring-centered 
patterns shown in Figure 3.2b and 3.2c indicate that the thin Co films grown at 305 °C 
and 345 °C are polycrystalline on MgO(001). However, the spotted patterns are well-
ordered meaning that the Co films have a certain orientation preference. 
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Figure 3.2. (a) Co 2p XP spectrum of 200-cycle CoO films grown on single crystal 
MgO(001) substrates by ALD at ~ 270 °C (black color), 305 °C (red color), 
and 345 °C (blue color). (b) and (c) are RHEED images of 200-cycle CoO 








                    
Figure 3.3. (a) C 1s XP spectrum of a 200-cycle CoO film grown on MgO(001) by ALD 
at 270 °C as-deposited (red color) and after a 15 min vacuum anneal at 500 
°C (blue color). (b) C 1s XP spectrum of a 200-cycle CoO film grown on 
MgO(001) by ALD at 305 °C as-deposited (red color) and after a 15 min 
vacuum anneal at 500 °C (blue color). (c) C 1s XP spectrum of an as-





3.3.2 Transformation of CoO to Co Spinel, Co3O4 
The CoO oxidized to form Co3O4 in air upon being exposed to mercury ultraviolet 
(Hg UV) light with a wavelength of ~ 200 nm for 30 min. Figure 3.4a presents the Co 2p 
XP spectrum of a 4.5 nm-thick CoO film grown on an MgO(001) substrate at 180 °C. 
The as-deposited CoO film was removed from the ultra-high vacuum system and exposed 
to Hg UV light for 30 min at room temperature. The film was then reloaded into the 
analysis system and characterized by XPS and RHEED. The blue color in Figure 3.4a 
represents the Co 2p XP spectrum of the film after Hg UV light exposure, which shows 
strongly suppressed shake-up satellite peaks at 786.4 eV and 803.0 eV indicating the 
formation of Co3O4.
55 Figure 3.4b confirms the crystalline quality of the 4.5 nm-thick 
CoO film grown on MgO(001) with bright streaks along with clear Kikuchi lines. After 
exposing the CoO film to Hg UV light, extra streaks appear in between the original CoO 
streaks (Figure 3.4c) indicating that the in-plane lattice constant of the new cobalt oxide 
structure is twice as that of the CoO in-plane lattice constant. This is consistent with the 
cobalt spinel XPS data and consistent with the lattice constant of both CoO and 
Co3O4.
56,57 The formation of epitaxial Co3O4 from epitaxial CoO films may motivate 




Figure 3.4. (a) Co 2p XP spectrum of a 4.5 nm-thick as-deposited CoO film on 
MgO(001) substrate grown by ALD at 180 °C (red color) and the CoO film 
after exposed to Hg UV light for 30 min at room temperature (blue color). 
(b) and (c) are RHEED images of the as-deposited CoO and the film after 30 
min Hg UV light exposure at room temperature, respectively.  
3.3.3 Transformation of CoO to Co Metal 
 Figure 3.5a shows the Co 2p XP spectrum of a Co film after deuterium gas 
reduction on 4.5 nm-thick CoO grown on SiO2/Si. The D2 reduction was conducted at 
420 °C with     = 1 × 10
   torr for 30 min. 420 °C is approximately the threshold 
temperature at which the reduction occurs in our experimental apparatus. After reduction, 
the binding energies of the main peaks are 778.1 eV and 793.2 eV for Co 2p3/2 and Co 
2p1/2 levels, respectively, which agrees with the peaks of Co metal.
58 There is a shoulder 
peak at 780.5 eV, which means there is still some CoO in the film. Based on peak fitting 
of the Co 2p3/2 peak against that of CoO and metallic Co, it is concluded that the film 
contains 98% Co and 2% CoO. Figure 3.5b and 3.5c present AFM images of the CoO 
Co 2p 
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film before reduction and the Co film after the D2 reduction, respectively. Based on the 
comparison of the two AFM images, we can clearly see that the continuous before-
reduction film (Rrms = 0.42 nm) became rough and discontinuous after reduction (Rrms = 
3.66 nm) (The Rrms of SiO2/Si substrate is 0.351 nm as a reference). This dewetting 
phenomenon is common in high temperature processing of metals,48–51 but it is undesired 
when continuous Co films are required. Due to the absence of capping layer, Co film 
reoxidized after exposure to ambient environment, as shown in Figure 3.6a. There was 
mainly metallic cobalt in the film before taking out the film from UHV system (red 
color). Most of the cobalt reoxidized after 4 h air exposure confirmed by the shift of Co 
2p3/2 main peak from 778.1 eV to 780.5 eV (blue color), which means the bare Co film in 
the ambient environment present for AFM measurement was in CoO status actually.  
As a reference, we deposited a 2-nm MBE Al capping layer on a D2 gas-reduced 
4.5 nm-thick CoO sample, and characterized the film morphology. This metallic Al layer 
(~73 eV in red color) oxidized to Al2O3 capping layer (~75 eV in blue color) upon 
exposure to the ambient environment, as shown in Figure 3.6b. This capping layer is 
effective in protecting Co film from reoxidizing. The film was still mainly of metallic 
cobalt after 48 h air exposure (blue color), as shown in Figure 3.6c. This assures the 
capped Co film was indeed in Co status during AFM measurement. Figure 3.7a is the 
AFM image of the Al2O3 (2 nm Al)/Co (reduced by D2 gas)/SiO2/Si sample. Figure 3.5c 
shows the Co film produced by D2 gas reduction has the Rrms of 3.66 nm before 
depositing 2-nm MBE Al, while Figure 3.7a shows its Rrms becomes 3.50 nm after 
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depositing 2-nm MBE Al. This comparison indicates that the morphology of the 
reoxidized CoO film (Figure 3.5c) is similar to reduced Co film.  
        
 
Figure 3.5. (a) Co 2p XP spectrum of a Co film after a 30 min deuterium gas reduction at 
420 °C on 4.5 nm-thick CoO on SiO2/Si substrate. (b) and (c) are AFM 
images of the as-deposited CoO film (Rrms = 0.42 nm) and the Co film after 




                      
Figure 3.6. (a) Co 2p XP spectrum of a D2 gas-reduced Co sample before air exposure 
(red color) and after 4 h air exposure (blue color). (b) Al 2p XP spectrum of 
a D2 gas-reduced Co sample with 2 nm MBE Al capping layer before air 
exposure (red color) and after 48 h air exposure (blue color). (c) Co 2p XP 
spectrum of a D2 gas-reduced Co sample with 2 nm MBE Al capping layer 





       
 
Figure 3.7. (a) and (b) are AFM images of the Al2O3 (2 nm Al)/Co (reduced by D2 gas at 
420 °C)/SiO2/Si heterostructure (Rrms = 3.50 nm), and the Al2O3 (2 nm 
Al)/Co (reduced by D atom at 220°C)/SiO2/Si heterostructure (Rrms = 0.86 
nm), respectively. 
To attenuate dewetting and produce smooth and continuous Co metal films we 
studied two low temperature reduction processes, D atom reduction and use of an O 
scavenger layer. D atom is more reactive than D2 gas, therefore in principle the threshold 
temperature for CoO reduction by D atom should be lower than that by D2 gas.
59 We did 
a series of CoO reduction studies with D atom exposure at different temperatures with 
    = 1 × 10
   torr for 30 min and found that the threshold temperature is about 220 °C 
in our experimental apparatus. Figure 3.8a shows the Co 2p XP spectrum of the Co film 
after D atom reduction of 4.5 nm-thick CoO film grown on SiO2/Si. The D atom reduction 
step was conducted at 220 °C with     = 1 × 10
   torr for 30 min. The binding energies 
of the main peaks are 778.1 eV and 793.2 eV for the Co 2p3/2 and Co 2p1/2 levels, and 
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there is no shoulder peak at 780.5 eV, which means 100% of CoO has been reduced to 
Co metal. Figure 3.8b shows the C 1s XP spectrum of the Co metal film produced by D 
atom reduction, from which we can conclude there is no carbon incorporation in the film. 
Figure 3.8c is the AFM image of the Co metal film produced by D atom reduction. The 
Rrms of the film after reduction is 0.70 nm, which is in the same order of the Rrms (0.42 
nm) of the CoO film before reduction. Besides, it can be seen that the Co metal film is 
continuous. We also deposited a 2-nm MBE Al capping layer on a D atom-reduced 4.5 
nm-thick CoO sample, and characterize the film morphology. Figure 3.7b is the AFM 
image of the Al2O3 (2 nm Al)/Co (reduced by D atom)/SiO2/Si sample. Figure 3.8c shows 
the Co film produced by D atom reduction has the Rrms of 0.7 nm before depositing 2-nm 
MBE Al, while Figure 3.7b shows its Rrms becomes 0.86 nm after depositing 2-nm MBE 
Al. This comparison further confirms that the morphology of reoxidized CoO film is 
similar to reduced Co film.   
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Figure 3.8. (a) and (b) are Co 2p XP spectrum and C 1s XP spectrum of the Co film after 
a 30 min deuterium atom reduction at 220 °C on 4.5 nm-thick CoO on 
SiO2/Si substrate, respectively. (c) AFM image of the Co film after 30 min 
deuterium atom reduction at 220 °C on 4.5 nm-thick CoO on SiO2/Si 
substrate (Rrms = 0.70 nm).  
This observation is further confirmed by the similar results of the reductions of 
CoO on MgO(001) substrates (Rrms is 0.18 nm). Figure 3.9a represent the morphology of 
as-deposited 4.5 nm-thick CoO films on MgO(001) and the film roughness is 0.52 nm. 
After a 30 min D2 gas reduction at 500 °C with     = 1 × 10




film reveals the serious dewetting problem and CoO film become disconnected islands, 
as shown in Figure 3.9b. While after a 30 min D atom reduction of CoO at 250 °C with 
    = 1 × 10
   torr, the resulting Co films are still continuous with roughness at 0.90 
nm, as shown in Figure 3.9c. 
    
Figure 3.9. (a) AFM image of an as-deposited 4.5 nm-thick CoO film grown on 
MgO(001) by ALD at 180 °C (Rrms = 0.52 nm). (b) AFM image of the Co 
film after a 30 min deuterium gas reduction at 500 °C on 4.5 nm-thick CoO 
on MgO(001) (Rrms = 2.03 nm). (c) AFM image of the Co film after a 30 
min deuterium atom reduction at 250 °C on 4.5 nm-thick CoO on MgO(001) 
(Rrms = 0.90 nm). The inserts are the Co 2p XP spectra of the corresponding 
films in each figure.  
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Our previous study showed that CoO films grew epitaxially on SrTiO3-buffered 
Si(001) at temperature of 170–190 °C using ALD.2 The as-deposited CoO films had 
some residual carbon contamination (<2%), which disappeared after a slight vacuum 
anneal. During the vacuum anneal at 500 °C, the heterostructure CoO/SrTiO3 (1.6 nm)/Si 
produced Co metal species due to the reaction between CoO and Sr.2 Based on this 
observation, we explored a chemical method to form carbon-free Co films by reducing 
ALD-grown CoO films. We capped the CoO with metals that have a high affinity for 
oxidation, such as Al, which reacted with oxygen from CoO and formed a capping oxide 
on the Co metal film. 
A 4.5 nm-thick CoO is grown on SiO2/Si substrate by ALD at 180 °C and the 
sample was then in-situ transferred to the MBE chamber where a 3 nm-thick Al metal 
was deposited on it at the substrate temperature of 200 °C, of which Co 2p XP spectrum 
is shown in Figure 3.10a. The choice of 3 nm as the Al layer thickness is based on 
complete reduction of CoO and enough capping effects against air that are discussed 
above herein. The binding energies of the Co 2p3/2 peak at 778.1 eV and the Co 2p1/2 peak 
at 793.2 eV confirm the film is of metallic cobalt instead of cobalt oxide.54 This suggests 
that the Al reacts with CoO to form Al2O3 and Co. The ΔGr
0 (298 K) of the reaction 
between 3 mol CoO and 2 mol Al is -939.8 kJ/mol,60 which means that the reaction is 
favored even at room temperature. The reaction between Al and CoO is also 
demonstrated by the Al 2p XP spectrum as shown in Figure 3.10b. The small peak at a 
binding energy of ~ 73 eV is for Al metal, while the larger peak at a binding energy of ~ 
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75 eV is for Al2O3.
61 The existence of Al metal after reaction indicates the complete 
reduction of CoO. There is a minor peak at a binding energy of ~ 73.6 eV, which agrees 
with the Al 2p peak position of CoAl2O4.
62 This indicates the formation of CoAl2O4 inter-
layer. The formation of CoAl2O4 inter-layer is also observed in literature when there is 
diffusion between Co and Al2O3.
63 Figure 3.10c shows the morphology of this Al2O3 (3 






Figure 3.10. (a) Co 2p XP spectrum of an as-deposited 4.5 nm-thick CoO film on SiO2/Si 
grown by ALD at 180 °C (red color) and the film after a deposition of 3 nm-
thick MBE Al on the CoO/SiO2/Si (blue color). (b) Al 2p XP spectrum of 
the film after a deposition of 3 nm-thick MBE Al on the CoO/SiO2/Si. (c) 
AFM image of the Al2O3 (3nm Al)/Co/SiO2/Si heterostructure (Rrms = 0.83 
nm). 
Figure 3.11a, 3.11b and 3.11c display the magnetization hysteresis loops of 
Samples A, B, and C, respectively, as a function of magnetic field applied parallel to the 
substrates. All the measurements were conducted within one day after the samples were 




measured. Sample A is a 4.5 nm CoO grown on SiO2/Si and then reduced by D2 gas at 
420 °C and finally covered by 2-nm MBE Al capping layer. Sample B is a 4.5 nm CoO 
grown on SiO2/Si and then reduced by atomic D at 220 °C and finally covered by 2-nm 
MBE Al capping layer. Sample C is a 4.5 nm CoO grown on SiO2/Si and then reduced by 
3-nm MBE Al capping layer at 200 °C. The measured sample sizes and saturated 
moments of the three samples are listed in Table 3.1.  
 
Figure 3.11. (a), (b), (c) are the magnetization hysteresis loops of Samples A, B, C 
measured by VSM, respectively. The magnetic field is applied parallel to the 
plane of the thin films. The inserted figures in (b) and (c) are enlarged 
corresponding loops around zero field. The x axis range of the inserted 
figure in (b) is from -1000 Oe to 1000 Oe. And the x axis range of the 
inserted figure in (c) is from -300 Oe to 300 Oe. All the data have been 
corrected with the cancellation of the base signal of substrates and capping 

























4.5 nm CoO grown on SiO2/Si, 
then is reduced by D2 gas at 420 
°C, finally 2 nm MBE Al 
deposited as a capping layer. 
 
10×5 3.05 × 10-4 2033 480 
B 
4.5 nm CoO grown on SiO2/Si, 
then is reduced by atomic D at 
220 °C, finally 2 nm MBE Al 
deposited as a capping layer. 
 
8×2.5 9.2 × 10-5 1533 90 
C 
4.5 nm CoO grown on SiO2/Si, 
then is reduced by a 3 nm MBE 
Al capping layer at 200 °C. 
9×2.5 2.6 × 10-5 385 20 
Table 3.1. Descriptions of the three reduced Co samples measured by VSM. 
Due to the existence of Al2O3 capping layer, almost all of the Co films stayed 
reduced when meaured by VSM. Based on comparison between Figure 3.1a and Figure 
3.8a, there is about 31% peak area contraction of Co 2p3/2 from CoO to Co, which means 
there should be about 31% volume contraction. It is reasonable to assume the Co layer 
thickness after complete reduction of 4.5 nm-thick CoO film as 3 nm, and therefore the 
measured saturation magnetization of Sample A, B, C are 2033 emu/cm3, 1533 emu/cm3, 
385 emu/cm3, respectively. While the measured saturation magnetization of Sample A 
and B is close to the saturation magnetization of bulk cobalt at 1420 emu/cm3,64 Sample 
C has a much smaller value. One possible reason for the smaller saturation magnetization 
of the cobalt film produced by the 3-nm MBE Al layer reduction is that there is existence 
of CoAl2O4 inter-layer as we discussed above and therefore the Co layer thickness is 
greatly reduced.  
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The measured coercivity of Samples A, B and C is 480 Oe, 90 Oe and 20 Oe, 
respectively. The two samples, B and C, produced by low temperature reduction 
processes have much smaller coercivity than the sample A which is produced by high 
temperature D2 gas reduction. This may be explained by potential fewer voids in the 
continuous cobalt films produced by low temperature reduction processes than that in the 
rough and discontinuous cobalt films produced by the high temperature reduction 
process.65 The difference between the coercivity of the cobalt film produced by D atom 
reduction and the coercivity of the cobalt film produced by oxygen scavenger layer 
reduction may come from the presence of the potential diffusion induced CoAl2O4 inter-
layer. The deterioration of the coercivity due to the diffusion induced interface layer is 
demonstrated in a hard/soft multilayer in literature.66 Further studies are being conducted 
to explore the microstructure and the magnetic properties of the reduced Co films and the 
ability to tune them. It has been found that several parameters of the D atom reduction 
process affect the microstructure and the magnetic properties of the resulting Co films. 
Elucidation of the process-structure-magnetic property relationship will be reported in 
future work to realize specific properties for various applications. 
3.4 CONCLUSIONS 
We report the growth of carbon-free CoO on SiO2/Si and MgO(001) substrates by 
ALD in a temperature range of 170–270 °C. While the CoO films grown on SiO2/Si are 
polycrystalline, the CoO films grown on single crystal MgO(001) are crystalline and 
epitaxial. The transformation of crystalline CoO to crystalline Co3O4 is observed by 
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exposing CoO films to Hg UV light at room temperature. While high temperature thermal 
reduction of CoO causes dewetting problem, we demonstrate that the reduction of CoO 
forms smooth and continuous carbon-free Co metal film by two low temperature 
processes, using deuterium atom as reducing agent or using Al metal overlayer as oxygen 
scavenger. The cobalt films produced by the low temperature reduction processes have 
smaller coercivity than the cobalt films produced by high temperature thermal reduction.  
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Chapter 4: Influence of Reduction Conditions on the Structure and 
Magnetic Properties of Cobalt Films 
4.1 INTRODUCTION 
Bearing the advantages of non-volatility, low power consumption and unlimited 
endurance, spin-transfer torque random access memory (STT-RAM) is considered as one 
of the most promising next generation memories and has drawn considerable research 
attention.1–3 STT-RAM is a magnetic memory utilizing spin-polarized current to write 
magnetic bits. It is non-volatile and has the potential to be scaled down below 10 nm. The 
most important part in a STT-RAM device is the magnetic tunnel junction (MTJ) stack 
where the spin transfer torque happens and where the data are stored.4,5 The main 
components in a MTJ stack are two ultra-thin (2-3 nm) ferromagnetic layers isolated by a 
insulating tunnel barrier layer (1-2 nm). Single element transition metals, such as Co and 
Fe, metal alloys like CoFe and CoFeB, and composite electrode, such as Co/Pt and Co/Pd 
have been proposed to work as the ferromagnetic materials.6–15 MgO, Al2O3, and high-k 
dielectrics like HfO2 and SrTiO3 have been explored as the insulating tunnel barrier 
materials.7–9,12–14,16–19   
Cobalt metal is a classic ferromagnetic material and has been studied 
extensively.7–10,18–21 Giant tunneling magnetoresistance up to 410% at room temperature 
has been realized in the Co/MgO/Co MTJ stack.9 The magnetic properties of Co films 
can be tuned to meet specific requirements. Various factors, such as film crystallinity, 
thickness, grain size, crystalline imperfections, thermal annealing, substrate roughness, 
and interactions with underlayer or overlayer, can influence the magnetic properties of 
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Co films like Curie temperature, coercivity, and magnetic anisotropy.7,9,18–31 Physical 
vapor deposition (PVD) methods, such as evaporation, sputtering, and molecular beam 
epitaxy, are the dominant approaches to depositing ultrathin Co films for the MTJ 
stack.9,15,20 There are very limited reports exploring the deposition of Co films by 
chemical deposition methods.31–35 Mantovan et al.grew MTJ Co films on Al2O3 by 
chemical vapor deposition (CVD) using a di-cobalt octacarbonyl precursor but there was 
severe carbon contamination in the CVD Co films.32 Deo et al. deposited ferromagnetic 
Co films on oxidized Si(100) substrates by CVD at 450 °C using a cobalt tricarbonyl 
nitrosyl precursor but the thin Co films looked porous.31 Impurity-free cobalt metal 
growth has been demonstrated using low temperature thermal atomic layer deposition 
(ALD) by Chabal and Winter groups, but these processes cannot grow Co films on tunnel 
oxide substrates due to the selective nucleation behavior of the precursors toward metal 
substrates.33–35         
In Chapter 3, we reported a method combining low temperature thermal ALD and 
low temperature reduction processes to producing carbon-free, continuous and 
ferromagnetic Co films on oxide substrates. We noticed the reduction conditions affected 
the microstructure and the magnetic properties of the resulting Co films. In order to gain 
the capability of tuning magnetic properties of Co films and realize specific properties for 
various applications, elucidation of the process-structure-magnetic property relationship 
is studied in this chapter.  
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4.2 EXPERIMENTAL DETAILS 
Four-inch wafers of SiO2/Si(001) were prepared by a thermal oxidation method, 
which produced an amorphous 300 nm-thick SiO2 layer on Si(001) substrates. The 0.5 
mm-thick wafers were then cut into 20 × 20 mm2 pieces. MgO(001) substrates of 10 mm 
× 10 mm × 0.5 mm were purchased from MTI corporation. Al2O3(36 nm)/SiO2/Si(001) 
substrates were prepared by depositing 300 cycle Al2O3 at ~180 °C by ALD using 
trimethylalumimum (Sigma-Aldrich, 97%) and deionized water as co-reactants. The 
substrates were ultrasonically cleaned with acetone, isopropyl alcohol, and deionized 
water for 5 min each, followed by UV/ozone treatment for 15 min to remove residual 
carbon contamination. The substrates were loaded into the UHV system and then in-situ 
transferred to the ALD chamber for CoO deposition. The ALD system is a custom-built, 
hot-wall stainless steel rectangular 20 cm long chamber, with a reactor volume of 460 
cm3. Ultrahigh purity argon was used as a purge/carrier gas. The substrate temperature 
was monitored with a reference thermocouple in the ALD chamber that was previously 
calibrated against an instrumented wafer.  
Bis(N-tert butyl, N’-ethylpropionamidinato) cobalt (II) (Strem, 98%) and 
deionized water were used as co-reactants for the ALD growth of CoO. During CoO 
growth, the Co precursor and water were held at 80 °C and room temperature (25 °C), 
respectively, while the substrate was maintained at a temperature range of 170–180 °C. 
The water dosing was regulated using an in-line needle valve. Each cycle of CoO growth 
consisted of a 2-sec dose of Co, a 20-sec purge of Ar, a 1-sec dose of H2O, and a 20-sec 
purge of Ar. The deuterium atom reduction was conducted in a custom-built vacuum 
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chamber. Atomic D was generated by a 400-W Osram Xenophot bulb, which had part of 
the glass enclosure removed to expose the tungsten filament. A current of 5.2 A was 
supplied by a DC power supply (KEPCO, MSK10-10M) to the tungsten filament and the 
filament temperature was ~1800 K, as measured by a pyrometer. At this temperature, the 
tungsten filament can crack molecular deuterium to generate atomic deuterium.36 The 
deuterium gas (Matheson, 99.999%) pressure was controlled by a leak valve. We report 
the D2 gas pressure over the filament in the text below. The sample was positioned 
approximately 4 cm above, and faced toward the tungsten filament. A pyrolytic boron 
nitride heater from Momentive was 2 cm above the sample. The sample temperature was 
monitored with a reference thermocouple in the vacuum chamber that was previously 
calibrated against an instrumented wafer. The deposition of Al metal on reduced Co films 
as a capping layer was performed in a customized DCA 600 MBE system with a base 
pressure of 5×10-9 Torr.37 
An in-situ VG Scienta R3000 X-ray photoelectron spectroscopy (XPS) system 
with a monochromated Al Kα source at 1486.6 eV was used to determine film 
stoichiometry and composition, and the oxidation states of cobalt. The absolute energy 
scale of the analyzer on the XPS system is calibrated using a two-point measurement 
such that the Ag 3d5/2 core level at 368.26 eV and the Fermi edge of Ag at 0.0 eV. An ex-
situ Veeco Icon atomic force microscopy (AFM) system is used to characterize the film 
morphology with tapping mode with Bruker TESPA AFM tips. The AFM images were 
imported into Image J software and the average grain size in every image was measured. 
Ex-situ magnetic property measurements were carried out with a Quantum Design 
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physical property measurement system (PPMS) combined with vibrating sample 
magnetometry (VSM) option. Magnetization hysteresis loops were measured with the 
magnetic field applied parallel to the plane of the thin films. For all the measurements, 
the samples were at room temperature (25 °C). 
4.3 RESULTS AND DISCUSSION 
A series of atomic deuterium reductions of 4.5 nm-thick CoO grown on 
SiO2/Si(001), MgO(001) and Al2O3(36 nm)/SiO2/Si(001) substrates by ALD was 
conducted at various experimental conditions. Then the samples were characterized by 
in-situ XPS and it was confirmed that every sample had been completely reduced. Figure 
4.1 depicts the Co 2p photoelectron (XP) spectrum of one sample on a SiO2/Si substrate 
reduced at 220 °C with a partial pressure of deuterium gas at 10-5 torr for 60 min. The Co 
2p XP spectra of all other reduced samples were the same. The binding energies of the 
main peaks are 778.1 eV and 793.2 eV for the Co 2p3/2 and Co 2p1/2 levels, and there is 




Figure 4.1. Co 2p XP spectrum of a 4.5 nm-thick CoO film on a SiO2/Si(001) substrate 
reduced at 220 °C with a partial pressure of deuterium gas at 10-5 torr for 60 
min. 
Then 2-nm MBE Al was deposited on the reduced samples as a capping layer for 
ex-situ AFM and VSM characterization. Upon exposure to ambient environment, the Al 
layer oxidized to form an Al2O3 capping layer, which protects the Co films from 
reoxidization (Chapter 3). Therefore the Co films stayed at Co0 status during the AFM 
and VSM characterization. It is reasonable to assume the thickness of the reduced Co 
films as 3 nm (Chapter 3). The first process parameter under investigation is the 
reduction time. Three 4.5 nm-thick CoO films on SiO2/Si(001) substrates were reduced at 
220 °C with a partial pressure of deuterium gas at 10-5 torr for 30 min, 60 min, and 90 
min, respectively. Figure 4.2 shows the AFM and VSM results of the three samples. 
Figure 4.2a and Figure 4.2b are the AFM image and the hysteresis loop of the sample on 
the SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 
Co 2p 
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10-5 torr for 30 min, respectively. The RMS roughness is 0.86 nm and the average grain 
size is ~ 15 nm. Its saturated moment is 9.2×10-5 emu and saturation magnetization is 
1533 emu/cm3. The coercivity is 90 Oe. Figure 4.2c and Figure 4.2d are the AFM image 
and the hysteresis loop of the sample on SiO2/Si(001) substrate reduced at 220 °C with a 
partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. The RMS 
roughness is 2.09 nm and the average grain size is ~ 25 nm. Its saturated moment is 
1.95×10-4 emu and saturation magnetization is 2167 emu/cm3. The coercivity is 460 Oe. 
Figure 4.2e and Figure 4.2f are the AFM image and the hysteresis loop of the sample on 
the SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 90 min, respectively. The RMS roughness is 2.64 nm and the average grain 
size is ~ 30 nm. Its saturated moment is 2.5×10-4 emu and saturation magnetization is 
3086 emu/cm3. The coercivity is 690 Oe. The RMS roughness, average grain size, 
coercivity and saturation magnetization increase as the reduction time increases. Longer 
reduction time applies more thermal energy into the Co/SiO2 system and facilitates 








Figure 4.2. (a) and (b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 30 min, respectively. (c) and (d) are the AFM image and the 
hysteresis loop of the sample on SiO2/Si(001) reduced at 220 °C with a 
partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. (a) and 
(b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 90 min, respectively. All the data have been corrected with the 
cancellation of the base signal of substrates and capping layers.   
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The second process parameter under investigation is the reduction temperature. 
Three 4.5 nm-thick CoO films on SiO2/Si(001) substrates were reduced with a partial 
pressure of deuterium gas at 10-5 torr for 60 min at 220 °C, 270 °C, and 320 °C, 
respectively. Figure 4.3 shows the AFM and VSM results of the three samples. Figure 
4.3a and Figure 4.3b are the AFM image and the hysteresis loop of the sample on the 
SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 10
-5 
torr for 60 min, respectively. The RMS roughness is 2.09 nm and the average grain size is 
~ 25 nm. Its saturated moment is 1.95×10-4 emu and saturation magnetization is 2167 
emu/cm3. The coercivity is 460 Oe. Figure 4.3c and Figure 4.3d are the AFM image and 
the hysteresis loop of the sample on the SiO2/Si(001) substrate reduced at 270 °C with a 
partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. The RMS 
roughness is 2.50 nm and the average grain size is ~ 28 nm. Its saturated moment is 
1.22×10-4 emu and saturation magnetization is 2582 emu/cm3. The coercivity is 590 Oe. 
Figure 4.3e and Figure 4.3f are the AFM image and the hysteresis loop of the sample on 
the SiO2/Si(001) substrate reduced at 320 °C with a partial pressure of deuterium gas at 
10-5 torr for 60 min, respectively. The RMS roughness is 2.99 nm and the average grain 
size is ~ 34 nm. Its saturated moment is 2.88×10-4 emu and saturation magnetization is 
3368 emu/cm3. The coercivity is 760 Oe. The RMS roughness, average grain size, 
coercivity and saturation magnetization increase as the reduction temperature increases. 
Higher reduction temperature applies more thermal energy into the Co/SiO2 system and 
facilitates dewetting process, which leads to larger RMS roughness and average grain 
size of the Co films. 
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Figure 4.3. (a) and (b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 60 min, respectively. (c) and (d) are the AFM image and the 
hysteresis loop of the sample on SiO2/Si(001) reduced at 270 °C with a 
partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. (a) and 
(b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 320 °C with a partial pressure of deuterium gas at 
10-5 torr for 60 min, respectively. All the data have been corrected with the 
cancellation of the base signal of substrates and capping layers.   
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The third process parameter under investigation is the partial pressure of 
deuterium gas. Three 4.5 nm-thick CoO films on SiO2/Si(001) substrates were reduced at 
220 °C for 60 min with a partial pressure of deuterium gas at 10-6 torr, 10-5 torr, and 10-4 
torr, respectively. Figure 4.4 shows the AFM and VSM results of the three samples. 
Figure 4.4a and Figure 4.4b are the AFM image and the hysteresis loop of the sample on 
the SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 
10-6 torr for 60 min, respectively. The RMS roughness is 0.98 nm and the average grain 
size is ~ 19 nm. Its saturated moment is 1.39×10-4 emu and saturation magnetization is 
1030 emu/cm3. The coercivity is 170 Oe. Figure 4.4c and Figure 4.4d are the AFM image 
and the hysteresis loop of the sample on the SiO2/Si(001) substrate reduced at 220 °C 
with a partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. The RMS 
roughness is 2.09 nm and the average grain size is ~ 25 nm. Its saturated moment is 
1.95×10-4 emu and saturation magnetization is 2167 emu/cm3. The coercivity is 460 Oe. 
Figure 4.4e and Figure 4.4f are the AFM image and the hysteresis loop of the sample on 
the SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 
10-4 torr for 60 min, respectively. The RMS roughness is 3.04 nm and the average grain 
size is ~ 33 nm. Its saturated moment is 2.85×10-4 emu and saturation magnetization is 
2857 emu/cm3. The coercivity is 710 Oe. The RMS roughness, average grain size, 
coercivity and saturation magnetization increase as the partial pressure of deuterium gas 
increases. The same influence of the partial pressure of hydrogen gas on the nanoparticle 
size was observed in the reduction of Ni films on a SiO2/Si substrate.
39 This was 
explained by the facilitated formation of NixHy which increased the free energy of 
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Ni/SiO2 system at higher hydrogen pressure. The increased free energy facilitated 








Figure 4.4. (a) and (b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-6 torr for 60 min, respectively. (c) and (d) are the AFM image and the 
hysteresis loop of the sample on SiO2/Si(001) reduced at 220 °C with a 
partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. (a) and 
(b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-4 torr for 60 min, respectively. All the data have been corrected with the 
cancellation of the base signal of substrates and capping layers.   
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The final process parameter under investigation is the substrate underneath the 
CoO films. Three 4.5 nm-thick CoO films on SiO2/Si(001), Al2O3(36 nm)/SiO2/Si(001), 
and MgO(001) substrates were reduced at 220 °C with a partial pressure of deuterium gas 
at 10-5 torr for 60 min, respectively. Figure 4.5 shows the AFM and VSM results of the 
three samples. Figure 4.5a and Figure 4.5b are the AFM image and the hysteresis loop of 
the sample on the SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of 
deuterium gas at 10-5 torr for 60 min, respectively. The RMS roughness is 2.09 nm and 
the average grain size is ~ 25 nm. Its saturated moment is 1.95×10-4 emu and saturation 
magnetization is 2167 emu/cm3. The coercivity is 460 Oe. Figure 4.5c and Figure 4.5d 
are the AFM image and the hysteresis loop of the sample on the Al2O3(36 
nm)/SiO2/Si(001) substrate reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 60 min, respectively. The RMS roughness is 1.30 nm and the average grain 
size is ~ 22 nm. Its saturated moment is 1.42×10-4 emu and saturation magnetization is 
1753 emu/cm3. The coercivity is 310 Oe. Figure 4.5e and Figure 4.5f are the AFM image 
and the hysteresis loop of the sample on the MgO(001) substrate reduced at 220 °C with 
a partial pressure of deuterium gas at 10-5 torr for 60 min, respectively. The RMS 
roughness is 1.19 nm and the average grain size is ~ 21 nm. Its saturated moment is 
1.88×10-4 emu and saturation magnetization is 1253 emu/cm3. The coercivity is 290 Oe. 
The larger RMS roughness and average grain size of the Co films on SiO2/Si(001) 
substrate than that of the Co films on Al2O3(36 nm)/SiO2/Si(001) and MgO(001) 
substrates may be explained by the higher degree of dewetting tendency of the Co/SiO2 
system than that of the Co/Al2O3 system and the Co/MgO system. A higher degree of 
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dewetting tendency facilitates dewetting process, which results in larger roughness and 
grain size. A rough calculation is conducted to compare the systems’ degree of dewetting 
tendency as follows. The wetting condition is: 
  /   	 > 	   /  +	   /                     (1) 
Where   /   is the surface energy of the oxide substrate in vacuum,   /  is the surface 
energy of the metal film in vacuum, and   /  	is the interfacial energy between the oxide 
substrate and the metal film.  
  /   = 	   /  + 	  /   −                          (2) 
Where      is the adhesion energy between the oxide substrate and the metal film.  




                                   (3) 
When   > 1 the film has a tendency to dewet and when   < 1 the film should be stable. 
Citing the Co/SiO2 data from Sangiorgi et al.’s work and the Co/Al2O3 data from 
Chatain et al.’s work,40,41 the calculation is listed below.  
For Co/SiO2,   /  = 1857 mJ/m
2,   /   = 450 mJ/m
2,      = 901 mJ/m
2, so 
  /   = 1406 mJ/m
2 and   = 7.3.40 For Co/Al2O3,   /  = 1870 mJ/m
2,   /   = 800 
mJ/m2,      = 1140 mJ/m
2, so   /   = 1530 mJ/m
2 and   = 4.3.41 These values are listed 
in Table 4.1. The interaction of Co with MgO is estimated by assuming   /  = 1870 
mJ/m2 and      = 1000 mJ/m
2. The surface energy   /   for MgO(001) in vacuum is 
reported as 1300 mJ/m2.42 This allows us to estimate   /   as 2170 mJ/m
2 and   as 3.1. 
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   /    /          /     
Co/SiO2 1857 450 901 1406 7.3 
Co/Al2O3 1870 800 1140 1530 4.3 
Co/MgO 1870 1300 1000 2170 3.1 
Table 4.1. Summary of data calculation of the degree of dewetting tendency. 
Based on this rough calculation, it is demonstrated that the degree of dewetting 
tendency of the Co/SiO2 system is larger than that of the Co/Al2O3 system and the 
Co/MgO system, which may explain the larger RMS roughness and average grain size of 
the Co films on SiO2/Si(001) substrates than that of the Co films on Al2O3 and MgO(001) 









Figure 4.5. (a) and (b) are the AFM image and the hysteresis loop of the sample on 
SiO2/Si(001) reduced at 220 °C with a partial pressure of deuterium gas at 
10-5 torr for 60 min, respectively. (c) and (d) are the AFM image and the 
hysteresis loop of the sample on Al2O3(36 nm)/SiO2/Si(001) reduced at 220 
°C with a partial pressure of deuterium gas at 10-5 torr for 60 min, 
respectively. (a) and (b) are the AFM image and the hysteresis loop of the 
sample on MgO(001) reduced at 220 °C with a partial pressure of deuterium 
gas at 10-5 torr for 60 min, respectively. 
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The results of the samples reduced at various experimental conditions are 
summarized in Table 4.2. Figure 4.6 plots the relationship between average grain size of 
the reduced Co films and the corresponding coercivity. It is observed that the coercivity 
is approximately proportional to the average grain size of the reduced Co films. This may 
be explained by the number of potential defects in the films. When the films are rougher 
with larger grain size, there may be a larger number of defects (such as voids) in the 
films, which impedes the hysteresis reversal. The similar influence of grain size on 
coercivity was reported in Fe74.5-xCuxNb3Si13.5B9 ferromagnets.



























T = 220 °C, PD2 = 10
-5 torr, t = 30 min, 
on SiO2/Si(001) 
 
0.86 15 90 1533 
T = 220 °C, PD2 = 10
-5 torr, t = 60 min, 
on SiO2/Si(001) 
 
2.09 25 460 2167 
T = 220 °C, PD2 = 10
-5 torr, t = 90 min, 
on SiO2/Si(001) 
 
2.64 30 690 3086 
T = 270 °C, PD2 = 10
-5 torr, t = 60 min, 
on SiO2/Si(001) 
 
2.50 28 570 2582 
T = 320 °C, PD2 = 10
-5 torr, t = 60 min, 
on SiO2/Si(001) 
 
2.99 34 760 3368 
T = 220 °C, PD2 = 10
-6 torr, t = 60 min, 
on SiO2/Si(001) 
 
0.98 19 170 1030 
T = 220 °C, PD2 = 10
-4 torr, t = 60 min, 
on SiO2/Si(001) 
 
3.04 33 710 2857 
T = 220 °C, PD2 = 10
-5 torr, t = 60 min, 
on Al2O3(36 nm)/SiO2/Si(001) 
 
1.30 22 310 1753 
T = 220 °C, PD2 = 10
-5 torr, t = 60 min, 
on MgO(001) 
1.19 21 290 1253 





Figure 4.6. A plot of coercivity versus average grain size of the data points collected in 
this work. Each triangle marker corresponds to each data point.  
4.4 CONCLUSIONS 
Reduction conditions affected the microstructure and the magnetic properties of 
the resulting Co films. A series of atomic deuterium reduction of CoO at various reaction 
time, reaction temperature, partial pressure of deuterium gas, and underlying substrates 
were conducted to elucidate the process-structure-magnetic property relationship. The 
increase of reaction time, reaction temperature, and partial pressure of deuterium gas 
increases the average grain size and the roughness of the Co films. Co films with larger 
average grain size show higher coercivity. Co films that are grown on substrates with 
lower degree of dewetting tendency, such as MgO and Al2O3, show smaller average grain 
size and smaller coercivity. Film coercivity from tens to hundreds Oersted can be 
achieved by tuning the process parameters in this report. This work pushes progress 
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toward gaining the capability of tuning magnetic properties of Co films and realizing 
specific properties for various applications. 
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Chapter 5: Area-Selective Atomic Layer Deposition of Cobalt Oxide 
and Cobalt Metal by Using Polystyrene as a Passivation Material 
5.1 INTRODUCTION 
As the critical dimension of electronics approach sub-10 nm scales, current 
patterning techniques enabled by lithographic and etch processes are experiencing more 
and more challenges.1–4 The development of advanced lithographic processes, such as 
extreme ultraviolet lithography, and advanced etch processes, such as multiple patterning, 
are progressing the further scale-down of chips.5–10 A disadvantage with these advanced 
technologies is their high cost.11 At the same time the development of alternate pattering 
techniques, like bottom-up patterning, are drawing increased attention. Bottom-up 
patterning utilizes interactions between molecules to assemble nanostructures, which 
imparts the low-cost advantage.12–14 A typical example of bottom-up patterning that is 
being explored extensively is area-selective deposition (ASD).15–19 Based on the principle 
that film nucleation and growth only happen at reactive sites rather than inert sites, ASD 
employs specific surface chemistries to deposit material on desired regions of substrates 
selectively.20 The selectivity offers ASD the potential of self-alignment and the reduction 
of lithography and post-deposition etch steps.16   
Atomic layer deposition (ALD) is a self-limiting chemical reaction process, in 
which individual reactants saturate and are purged out of the reactor in sequence.21 Due 
to the self-limiting behavior, ALD can produce highly uniform and conformal films over 
three-dimensional structures with precise thickness control, which meets well the 
demands of sub-10 nm node fabrication.21 Therefore, ALD is an excellent approach to 
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achieve ASD and there have been increasing reports working on area-selective atomic 
layer deposition (AS-ALD).15–17,19,22 In the practice of AS-ALD, there are regions of 
different reactivities toward ALD precursors on pre-patterned substrates. ALD precursors 
absorb on the reactive regions and films grow there. Area-activation and area-
deactivation are the two common ways to create regions of different reactivities toward 
ALD precursors on substrates.23 Area-activation means desired regions of non-reactive 
substrates are functionalized by reactive groups while area-deactivation means desired 
regions of reactive substrates are passivated by non-reactive groups.24,25 
The selection and patterning of passivation materials is the key to AS-ALD 
enabled by area-deactivation.23 Self-assembled monolayers, such as 
octadecyltrichlorosilane, are the most-widely used passivation materials in current ASD 
studies due to their excellent passivation effects and self-alignment behavior to certain 
surface sites .26–31 But SAMs have their limitations. First, to produce a defect-free SAM 
layer that can block nucleation and growth well, extended SAM deposition time as long 
as 24 h is required for many SAMs.29,32 Besides, SAMs are just monolayers and if a thick 
ALD film is grown, it can grow up and beyond the feature boundary. SAMs have the 
potential to be degraded or even damaged and so lose their passivation capabilities after a 
long deposition time, which leads to SAM failure in ASD of thick films.33,34 Additionally, 
SAM patterning approaches have not been fully developed. While micro-patterns can be 
generated by methods like microcontact printing, nano-patterning of SAMs is still 
difficult.24,27  
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To overcome these limitations of SAMs and target the applications that SAMs 
cannot meet, considerable research attention has focused on another group of passivation 
materials—polymer films.19,35–39 Defect-free polymer films can be coated onto substrates 
within a few minutes and polymer film thickness can be easily tuned from nanometers to  
micrometers. So using polymer films as passivation materials can work in ASD of thick 
films. Another important advantage is that there have been many developed patterning 
approaches for polymer films to produce both micro-patterns and nano-patterns, such as 
photolithography and directed self-assembly.40 A number of polymers have been 
identified as effective growth inhibitors to certain materials, such as polyimide and 
polymethacrylamide to platinum deposition,25,39 poly(vinyl pyrrolidone) to noble metal 
deposition,38 and poly(methylmethacrylate) to TiO2 deposition.
19 However, there is no 
report exploring the feasibility of using polystyrene as passivation material. There are 
only C and H elements in PS so the materials whose nucleation and growth rely on 
hydroxyl groups cannot grow on PS film in principle. PS films possess no glass transition 
temperature after UV-induced crosslinking,41 which means PS films can work over a 
wide temperature window (< 240 °C).  Besides, as a photosensitive polymer and a 
common component of copolymers, PS can be patterned easily by photolithography and 
direct self-assembly. These strengths make PS film a promising passivation material 
candidate. 
Due to their various properties, cobalt oxides and cobalt metal find applications in 
many fields. With a band gap of 2.4 eV, cobalt (II) oxide has been used for 
photoelectrochemical water oxidation.42 Cobalt spinel has a band gap of 1.6 eV and has 
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been applied in sensors, spintronics, and catalysis.43–47 Due to its superior wetting 
behavior on copper, cobalt metal has been studied as a Cu electromigration barrier and a 
next-generation liner material in the back end of line (BEOL) process.48,49 As 
ferromagnetic materials, Co and Co alloys like CoFe and CoFeB  have been studied as 
the fixed and free layer for magnetic tunneling junction (MTJ) devices.50–54  
In Chapter 3, we demonstrated a low temperature ALD approach to growing 
carbon-free CoO film and the methods for transforming CoO to Co3O4 and Co films. The 
ALD growth temperature for CoO is 170–180 °C and polystyrene films can work over 
this condition. In this work, we report the area-selective deposition of cobalt (II) oxide 
and the further reduction to cobalt metal by using polystyrene as a passivation material. 
The polystyrene is patterned using UV-crosslinking and using self-assembly of polystyrene-
polymethylmethacrylate (PS-PMMA).  
5.2 EXPERIMENTAL DETAILS 
Four-inch wafers of SiO2/Si(001) were prepared by a thermal oxidation method, 
which produced an amorphous 300 nm-thick SiO2 layer on Si substrate. The 0.5 mm-
thick wafers were then cut into 20 × 20 mm2 pieces. MgO(001) substrates of 10 mm × 10 
mm × 0.5 mm are purchased from MTI corporation. The substrates were ultrasonically 
cleaned with acetone, isopropyl alcohol, and deionized water for 5 min each, followed by 
UV/ozone treatment for 15 min to remove residual carbon contamination.  
Polystyrene (purchased from Aldrich with average Mw = 200000) was dissolved 
in propylene glycol methyl ether acetate (Sigma-Aldrich, 99.5%) to prepare a 2 wt% 
polystyrene solution. The 2 wt% polystyrene solution was spincoated onto the cleaned 
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SiO2/Si or MgO(001) substrates to form a 40 nm-thick polystyrene film on the substrates. 
The PS/SiO2/Si or PS/MgO(001) samples were then exposed by 185 nm and 254 nm 
ultraviolet light in an ambient or a N2 environment with a shadow mask on the top of 
samples. The shadow mask used in this work was a slim-bar 1000 mesh copper TEM grid 
with pitch of 25 µm, bar width of 6 µm and hole width of 19 µm. The PS regions that 
were not shadowed by the mask were exposed to deep UV-light and crosslinked while the 
PS regions that were shadowed by the mask were not exposed to deep UV-light and not 
crosslinked. After UV-light exposure, the samples were rinsed by toluene (Fisher 
Chemical, 99.9%) and cleaned by deionized (DI) water, in which the PS regions that 
were not crosslinked were removed and PS micro-patterns formed on substrates.    
PS nano-patterns were formed by using self-assembled PMMA-PS diblock 
copolymers. Random copolymer poly(styrene-co-methyl methacrylate) with α- hydroxyl-
ω-tempo moiety terminated was purchased from Polymer Source. The Mn of the random 
copolymer was 6400 with 59.5 mol% styrene. The random copolymer was dissolved in 
toluene to prepare a 1 wt% random copolymer solution. Poly(styrene-b-methyl 
methacrylate) diblock copolymer was also purchased from Polymer Source. The Mn of 
styrene was 55000 and the Mn of methyl methacrylate was 22000. The diblock 
copolymer was dissolved in toluene to prepare a 1 wt% diblock copolymer solution.  The 
1 wt% random copolymer solution was first spincoated onto the cleaned SiO2/Si or 
MgO(001) substrates to form a 50 nm-thick polymer layer. Then the samples were heated 
on a hot plate at 230 °C for 10 min, in which about 3 nm-thick brush layer was end-
grafted onto substrates. After rinsing the samples by toluene to get rid of the non-grafted 
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random copolymer, only the 3 nm-thick end-grafted brush layer remained on the 
substrates. The 1 wt% diblock copolymer solution was then spincoated onto the brush-
layer-coated substrates to form a 50 nm-thick polymer layer. The samples were heated on 
a hot plate at 230 °C for 5 min during which PMMA formed cylinders aligned 
perpendicular to the substrate and PS formed a continuous matrix. The PMMA cylinders 
and underlying brush layer were removed by plasma etching to generate nano-patterns of 
PS with 20-30 nm holes and 40-50 nm pitch on the substrates.    
After pre-treatment, the substrates were loaded into the UHV system and then in-
situ transferred to the ALD chamber for CoO deposition. The ALD system is a custom-
built, hot-wall stainless steel rectangular 20 cm long chamber, with a reactor volume of 
460 cm3. Ultrahigh purity argon was used as a purge/carrier gas. The substrate 
temperature was monitored with a reference thermocouple in the ALD chamber that was 
previously calibrated against an instrumented wafer. Bis(N-tert butyl, N’-
ethylpropionamidinato) cobalt (II) and water were used as co-reactants for the ALD 
growth. During CoO growth, the Co precursor and water were held at 80 °C and room 
temperature (25 °C), respectively, while the substrate was maintained at a temperature 
between 170–180 °C. The water dosing was regulated using an in-line needle valve. Each 
cycle of CoO growth consisted of a 2-sec dose of Co, a 20-sec purge of Ar, a 1-sec dose 
of H2O, and a 20-sec purge of Ar. After CoO growth, the samples were unloaded and O2 
plasma etching was employed to remove all the PS on the samples.   
The deposition of Al metal was performed on some samples in a customized DCA 
600 MBE system with a base pressure of 5×10-9 Torr. Al reacted with air after unloading 
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samples to atmosphere to form Al2O3 as a capping layer of metallic cobalt films for ex-
situ characterization. The deuterium atom reduction of CoO were conducted in a custom-
built vacuum chamber. Atomic D was generated by a 400-W Osram Xenophot bulb, 
which had part of the glass enclosure removed to expose the tungsten filament. A current 
of 5.2 A was supplied by a DC power supply (KEPCO, MSK10-10M) to the tungsten 
filament and the filament temperature was ~1800 K, as measured by a pyrometer. At this 
temperature, the tungsten filament can crack molecular deuterium to generate atomic 
deuterium.55 The deuterium gas (Matheson, 99.999%) pressure was controlled by a leak 
valve. The sample was positioned approximately 4 cm above, and faced toward the 
tungsten filament. A pyrolytic boron nitride heater from Momentive was 2 cm above the 
sample. The sample temperature was monitored with a reference thermocouple in the 
vacuum chamber that was previously calibrated against an instrumented wafer.  
An in-situ VG Scienta R3000 XPS system with a monochromated Al Kα source at 
1486.6 eV was used to determine film stoichiometry and composition, and the oxidation 
states of cobalt. The absolute energy scale of the analyzer of the XPS system is calibrated 
using a two-point measurement such that the Ag 3d5/2 core level is at 368.26 eV and the 
Fermi edge of Ag is at 0.0 eV. Ex-situ scanning electron microscope (SEM) and atomic 
force microscope (AFM) were used to characterize the metal oxide and metal patterns. 
SEM was conducted by a ZEISS Neon 40 SEM equipped with Bruker EDS. AFM was 
conducted by a Veeco Icon AFM system at tapping mode with Bruker TESPA AFM tips.  
Magnetic property measurements were carried out with a Quantum Design 
physical property measurement system (PPMS) combined with the vibrating sample 
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magnetometry (VSM) option. Magnetization hysteresis loops were measured with the 
magnetic field applied parallel to the plane of the thin films. For all the measurements, 
the samples were at room temperature (25 °C). 
5.3 RESULTS AND DISCUSSION 
In order to determine the passivation capability of polystyrene for inhibiting the 
nucleation and film growth of CoO on oxide substrates, 40 nm-thick PS film was 
spincoated onto SiO2/Si(001) and MgO(001) substrates, and then 300 cycle CoO ALD 
was conducted on both PS/SiO2/Si and PS/MgO samples. The black color in Figure 5.1 
shows the Co 2p X-ray photoelectron (XP) spectrum of the PS/SiO2/Si sample after 300 
cycle CoO ALD and there is no Co signal at all. 300 CoO ALD cycles should lead to 9 
nm CoO on SiO2 (Chapter 3). To further examine the passivation capability of UV-
induced crosslinked PS, one PS/SiO2/Si sample was exposed to mercury UV-light for 1 h 
in a N2 environment. After the UV-light exposure the sample was rinsed with toluene and 
there was no thickness decrease of the PS film after the toluene rinse while the as-coated 
PS film dissolved completely in the toluene rinse. This indicates the 1 h UV-light 
exposure successfully crosslinked the PS film and imparted its resistance to the toluene 
solvent. Then 300 cycle CoO ALD was conducted on the crosslinked PS/SiO2/Si sample 
and the green color in Figure 5.1 shows its Co 2p XP spectrum after CoO deposition. 
Compared to the untreated PS (black color) there is very noisy signal as shown in the 
insert of Figure 5.1. This noisy signal may come from a small amount ALD precursor 
adsorbed on the crosslinked PS surface. These results demonstrate both as-coated PS and 
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crosslinked PS are very effective in blocking CoO ALD on oxide substrates. In order to 
determine whether the surface of the oxide substrates were damaged by PS coating and 
PS removal, another as-coated PS/SiO2/Si sample was rinsed with toluene to remove all 
the PS, and then was subjected to 300 CoO ALD cycles. The red color in Figure 5.1 
shows its Co 2p XP spectrum after the CoO deposition. The binding energies of the main 
peaks are at 780.5 eV and 796.5 eV for Co 2p3/2 and Co 2p1/2 levels, respectively, and at 
786.4 eV and 803.0 eV for the Co 2p3/2 and Co 2p1/2 for satellite peaks, respectively. The 
2p binding energy position in conjunction with the very strong satellite at ~ 6 eV higher 
binding energy is consistent with Co being in the +2 valence state with high spin.56 The 
resulting film thickness is about 9 nm, which is the same with the thickness of 300 cycle 
CoO film grown on clean SiO2/Si substrates. These results indicate the hydroxyl sites of 
the oxide surface that favor the nucleation and film growth of CoO are free of damage 









Figure 5.1. Co 2p XP spectrum of the samples after 300 cycle CoO ALD at ~ 180 °C 
(black color refers to the as-coated PS/SiO2/Si sample, green color refers to 
the UV-induced crosslinked PS/SiO2/Si sample, and the red color refers to 
the PS/SiO2/Si with PS removed sample, respectively).  
Micro-patterns and nano-patterns of polystyrene were prepared to demonstrate the 
area-selective deposition of CoO on oxide substrates. PS micro-patterns were created by 
photolithography. PS is sensitive to deep UV-light and can work like a photoresist. 
Figure 5.2a shows the shadow mask used in this work. It is a slim-bar 1000 mesh copper 
TEM grid with pitch of 25 µm, bar width of 6 µm and hole width of 19 µm. During UV-
light exposure, the PS regions that were not shadowed by the mask were exposed to deep 
UV-light and crosslinked. The PS regions that were shadowed by the mask were not 
exposed to deep UV-light and not crosslinked. After UV-light exposure the samples were 
rinse with toluene to remove the non-crosslinked PS. A key parameter determing the 
Co 2p 
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quality of PS patterns is the crosslinking environment. Figure 5.2b and 5.2c represents the 
AFM images of PS patterns on SiO2/Si substrate created by exposing to deep UV-light 
for 1 h in an ambient environment and in a N2 environment, respectively, followed by the 
toluene rinse. The squares are PS and the bars among the squares are the underlying 
SiO2/Si substrate. The PS patterns exposed in an ambient environment exhibited severe 
damage and the PS squares featured sharp edges and hollow centers. While the PS 
patterns exposed in a N2 environment are uniform squares. The difference came from the 
existence of O2 during the UV-light exposure. With the existence of O2, there were side 
scission reactions happening along with the crosslink reaction and the side scission 
reaction could damage PS film, as shown in Illustration 5.1.57 At the same time, O2 could 
be converted to O3 by UV-light exposure and O3 could damage PS. Therefore, in order to 
produce high-quality crosslinked PS without side film components and without pattern 
degradation, the UV-light exposure should be conducted in oxygen-free environment. 
The existence of side film components is a possible reason why there is a small amount 
precursor adsorbed on the UV-induced crosslinked PS film in Figure 5.1 because it 
cannot be guaranteed that there was a completely oxygen-free environment of our 






Figure 5.2. (a) A schematic of the shadow mask used in UV-light exposure experiments. 
(b) AFM image of the PS patterns on SiO2/Si substrate created by exposing 
to deep UV-light for 1 h in an ambient environment followed by the toluene 
rinse. (c) AFM image of the PS patterns on SiO2/Si substrate created by 
exposing to deep UV-light for 1 h in a N2 environment followed by the 
toluene rinse. 
 
Illustration 5.1. Reactions accomplished by PS upon irradiation with UV-light.57 
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Figure 5.3 shows the SEM and AFM images of the PS micro-patterns used in this 
work to guide the AS-ALD of CoO. 12 nm-thick CoO was grown on the PS 
template/SiO2/Si by ALD at ~180 °C and then the PS template was removed by O2 
plasma etching. In Figure 5.3a, the relatively dark regions are the PS squares while the 
relatively bright regions are the SiO2/Si substrate because SiO2/Si is more conductive 
than PS. In Figure 5.3b, the relatively bright regions are the PS squares while the 
relatively dark regions belong to SiO2/Si substrate, which means the PS squares are 
higher than the SiO2/Si substrate. Figure 5.4a and 5.4b show the SEM and AFM images 
of the CoO patterns on SiO2/Si substrate after the PS template was removed. In Figure 
5.4a, the relatively dark regions are the CoO bars while the relatively bright regions 
belong to the SiO2/Si substrate. In Figure 5.4b, the relatively bright regions are the CoO 
bars while the relatively dark regions belong to the SiO2/Si substrate, which means the 
CoO bars are higher the SiO2/Si substrate. The CoO only grew on the bar regions that 
were not covered by the PS squares. The CoO bar patterns are uniform across the 
patterned area and their feature size (~6.5 µm wide) is close to the original feature size (6 
µm wide) of the shadow mask. The CoO patterns were confirmed by elemental analysis 
results as shown in Figure 5.5. Figure 5.5a and 5.5b are the elemental map and line 
analysis of the CoO patterns, respectively, in which Co element was scanned. Both 
indicate the Co element is only present on the bar regions.  
The CoO was further reduced to metallic Co by 2 h atomic deuterium reduction at 
220 °C followed by 2-nm MBE Al capping layer deposited on top. Upon exposure to the 
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ambient environment, the Al layer oxidized to form an Al2O3 capping layer protecting 
metallic Co from reoxidizing. Figure 5.4c and 5.4d show the SEM and AFM images of 
the Al2O3 capped Co patterns on SiO2/Si substrate. In Figure 5.4c, the relatively dark 
regions are the Al2O3 capped Co bars while the relatively bright regions belong to the 
Al2O3-capped SiO2/Si substrate. In Figure 5.4d, the relatively bright regions are the 
Al2O3-capped Co bars while the relatively dark regions belong to the Al2O3-capped 
SiO2/Si substrate. The Co patterns are almost the same with the CoO patterns in the x- 
and y-directions and there is no deformation caused by reduction. The difference in the z-
direction comes from the thickness contraction from CoO to Co, which has been 
discussed in Chapter 3. Figure 5.5 presents the magnetization hysteresis loops of the 
reduced Co patterns on the SiO2/Si substrate. The hysteresis loops were measured by 
VSM with the magnetic field applied parallel to the plane of the thin films at room 






Figure 5.3. (a) and (b) are SEM and AFM images of the as-prepared PS micro-patterns, 
respectively. In Figure 5.3a, the relatively dark regions are the PS squares 
while the relatively bright regions belong to the SiO2/Si substrate. In Figure 
5.3b, the relatively bright regions are the PS squares while the relatively 





Figure 5.4. (a) and (b) are SEM and AFM images of 12 nm-thick CoO patterns on 
SiO2/Si substrate grown by AS-ALD, respectively. (c) and (d) are SEM and 
AFM images of the Co patterns on SiO2/Si substrate after atomic deuterium 






Figure 5.5. (a) and (b) are elemental mapping and line analysis of the CoO patterns on 
SiO2/Si substrate shown in Figure 5.4, respectively, in which Co element 
was scanned.  
 
 
Figure 5.6. The magnetization hysteresis loop of the Al2O3-capped Co patterns produced 
from the atomic deuterium reduction of 12 nm-thick CoO patterns on 
SiO2/Si substrate. The data has been corrected with the cancellation of the 
base signal of the substrate and the capping layer.   
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Similar results of AS-ALD of CoO and Co patterns were also realized on 
MgO(001) substrate. 18 nm-thick CoO was grown on the PS template/MgO(001) by 
ALD at ~180 °C and then the PS template was removed by O2 plasma etching. Figure 
5.7a and 5.7b show the SEM and AFM images of the CoO patterns on the MgO(001) 
substrate after the PS template was removed, respectively. In Figure 5.7a, the relatively 
dark regions are the CoO bars while the relatively bright regions belong to the MgO(001) 
substrate. In Figure 5.7b, the relatively bright regions are the CoO bars while the 
relatively dark regions belong to the MgO(001) substrate, which means the CoO bars are 
higher the SiO2/Si substrate. The CoO only grew on the bar regions that were not covered 
by the PS squares. The CoO bar patterns are uniform across the patterned area and their 
feature size (~6 µm wide) is very close to the original feature size (6 µm wide) of shadow 
mask. The CoO patterns were confirmed by elemental analysis results as shown in Figure 
5.8. Figure 5.8a and 5.8b show the elemental mapping and line analysis of the CoO 
patterns, respectively, in which Co element was scanned. Both of them indicate the Co 
element is only present on the bar regions. The CoO was further reduced to metallic Co 
by 2 h atomic deuterium reduction at 220 °C and the Co layer was not covered by Al 
capping layer in this experiment. Due to the lack of Al capping layer, the Co were 
reoxidized to CoO during ex-situ SEM and AFM characterization. There should not be 
much difference between the morphology of Co films and reoxidized CoO films based on 
the results of Chapter 3. Figure 5.7c and 5.7d show the SEM and AFM images of the Co 
patterns (actually reoxidized CoO) on the MgO(001) substrate. In Figure 5.7c, the 
relatively bright regions are the Co bars (actually reoxidized CoO) while the relatively 
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dark regions belong to the MgO(001) substrate. In Figure 5.7d, the relatively bright 
regions are the Co bars (actually reoxidized CoO) while the relatively dark regions 
belong to the MgO(001) substrate.  The Co patterns (actually reoxidized CoO) are almost 
the same with the CoO patterns in the x- and y-directions and there is no deformation 
caused by reduction and reoxidation. The difference in the z-direction comes from the 
thickness contraction from CoO to Co. 
 
 
Figure 5.7. (a) and (b) are SEM and AFM images of 18 nm-thick CoO patterns on 
MgO(001) substrate grown by AS-ALD, respectively. (c) and (d) are SEM 
and AFM images of the Co patterns on MgO(001) substrate after atomic 





Figure 5.8. (a) and (b) are the elemental mapping and line analysis of the CoO patterns on 
MgO(001) substrate shown in Figure 5.7, respectively, in which Co element 
was scanned. 
PS nano-patterns were created by directed self-assembly of PMMA-PS diblock 
copolymer. 50 nm-thick PMMA formed cylinders aligned perpendicular to the SiO2/Si 
substrate and PS formed a matrix. There was a 3 nm-thick brush layer (PMMA-PS 
random copolymer) between the diblock copolymer film and the SiO2/Si substrate to 
neutralize the substrate. The PMMA cylinders and underlying brush layer were removed 
by CO2/Ar plasma etching to generate nano-patterns of PS with 20-30 nm holes and 40-
50 nm pitch on the substrate, as shown in Figure 5.9. Figure 5.9a and 5.9b are top-down 
and cross-section SEM images of the as-prepared PS hole-patterns, respectively. The 
relatively bright regions belong to the PS matrix and the relatively dark regions are the 
empty holes. The critical requirement for CoO ALD is a starting surface that features 
hydroxyl groups favoring the nucleation and growth of CoO. Therefore the complete removal 
of PMMA cylinders and underlying brush layer by plasma etching is the key to the successful 
AS-ALD of CoO within the holes. When the holes were not cleaned enough, the residues of 
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PMMA or the brush layer blocked the nucleation and film growth of CoO and there was 
nothing left after 400 CoO ALD cycles (sufficient to deposit 12-nm of CoO) and polymer 
removal, as shown in Figure 5.9c. On the other hand, when the holes were cleaned too much, 
the PS matrix was also etched too much and the remaining PS matrix was very thin and low. 
In this case, there was lateral overgrowth of CoO over the top the PS matrix after 400 CoO 
ALD cycles and polymer removal, as shown in Figure 5.9d. When the etch was controlled 
within a proper window, clean holes were generated without damaging the PS matrix too 
much. Figure 5.9e shows the top-down SEM image of the CoO dots grown on holes after 400 
CoO ALD cycles. The holes were filled with materials compared to empty holes of as-
prepared PS patterns shown in Figure 5.9a. Then after removing the PS matrix, there were 




Figure 5.9. (a) and (b) are top-down and cross-section SEM images of the as-prepared PS 
hole-patterns, respectively. (c) SEM image of the under-etched PS hole-
patterns after 400 CoO ALD cycles and polymer removal. (d) SEM image of 
the over-etched PS hole-patterns after 400 CoO ALD cycles and polymer 
removal. (e) SEM image of the properly-etched PS hole-patterns after 400 
CoO ALD cycles. (f) SEM image of the properly-etched PS hole-patterns 
after 400 CoO ALD cycles and polymer removal. The CoO dots have been 
colored red in the lower-right region to help see the pattern. 
100 nm 






We report the area-selective deposition of cobalt (II) oxide on polystyrene-
patterned SiO2/Si and MgO(001) substrates at a temperature of 170–180 °C by atomic 
layer deposition. The resulting CoO patterns are carbon-free and smooth. And the CoO 
patterns can be further reduced to produce metallic Co patterns without deformation by using 
atomic deuterium reduction at 220 °C. The critical requirement for metal oxide ALD is a 
starting surface that features hydroxyl groups favoring the nucleation and growth of metal 
oxides. Consisting of only C and H elements, polystyrene is very effective in inhibiting the 
nucleation of film growth of CoO. The polystyrene was patterned using UV-crosslinked 40-
nm PS films or using self-assembled 50-nm polystyrene-polymethylmethacrylate films. The 
unexposed PS in UV-crosslinked PS films was dissolved away with toluene or the PMMA 
component in self-assembled PS-PMMA films was removed by plasma etching to expose the 
underlying oxide surface.  
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Chapter 6: Research Summary 
6.1 SUMMARY 
This research focuses on process development to realize the area-selective 
deposition of ferromagnetic cobalt films on insulating tunnel oxides as a step toward 
fabrication of a magnetic tunnel junction. 
Ultrathin CoO films were deposited on MgO(001) and SiO2/Si(001) substrates at 
~180 °C by atomic layer deposition using bis(N-tert butyl, N’-ethylpropionamidinato) 
cobalt (II) and deionized water as co-reactants. The CoO films grown on amorphous 
SiO2/Si(001) substrates are polycrystalline while the CoO films grown on crystalline 
MgO(001) substrates are single-crystalline. High temperature (~400 °C) thermal 
reduction of CoO films caused dewetting problem and led to formation of disconnected 
Co islands. In order to suppress dewetting, two low temperature (~200 °C) reduction 
methods were studied including atomic deuterium reduction and the use of metallic Al as 
an O scavenger layer. Being effective in suppressing dewetting, the two low temperature 
reduction methods produced smooth and continuous Co films. The Co films are carbon-
free and ferromagnetic. The Co films produced by high temperature reduction exhibit 
higher coercivity than the Co films produced by low temperature reduction due to there 
are much more voids in the former Co films impeding the magnetic reversal.      
It was noticed that reduction conditions affected the microstructure and the 
magnetic properties of the resulting Co films. In order to gain the capability of tuning 
magnetic properties of Co films and realize specific properties for various applications, 
the process-structure-magnetic property relationship was elucidated. A series of atomic 
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deuterium reductions of CoO at various reaction temperature, reaction pressure, reaction 
time and underlying substrates were conducted. The film composition, microstructure, 
and magnetic property of the resulting Co films were characterized by X-ray 
photoelectron spectroscopy, atomic force microscopy, and vibrating sample 
magnetometry, respectively. The increase of reaction temperature, partial pressure of 
deuterium, and reaction time increases the average grain size and the roughness of the Co 
films. Co films with larger average grain size show higher coercivity. Co films that are 
grown on substrates with lower degree of dewetting tendency, such as MgO and Al2O3, 
show smaller average grain size and smaller coercivity. Film coercivity from tens to 
hundreds Oersted can be achieved by tuning the process parameters. 
 Polystyrene (PS) films were investigated to work as the passivation material and 
guide the area-selective deposition of CoO and Co films on MgO(001) and SiO2/Si(001) 
substrates. Consisting only C and H elements, PS was proved to be effective in inhibiting 
the nucleation and film growth of CoO which rely on reactive hydroxyl sites of the 
substrate surface. The polystyrene was patterned using UV-crosslinked 40-nm PS films 
or using self-assembled 50-nm polystyrene-polymethylmethacrylate (PS-PMMA) films. 
The unexposed PS in UV-crosslinked PS films was dissolved away with toluene or the 
PMMA component in self-assembled PS-PMMA films was removed by a CO2/Ar plasma 
etching to expose the underlying oxide surface. Then the substrates pre-patterned with PS 
were exposed to CoO ALD cycles at ~180 °C using bis(N-tert butyl, N’-
ethylpropionamidinato) cobalt (II) and deionized water as co-reactants. As confirmed by 
scanning electron microscopy, atomic force microscopy, and energy dispersive X-ray 
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spectroscopy, CoO patterns only grew on the regions that were not covered by PS. And 
the CoO patterns can be further reduced to produce Co patterns without deformation by 
using atomic deuterium reduction at 220 °C.  
6.2 RECOMMENDATIONS FOR FUTURE WORK 
Cobalt is a classic ferromagnetic material but it is a little bit old-fashioned. Metal 
alloys, such as CoFe and NiFe, exhibit exciting magnetic and catalytic properties and 
draw increasing research attention.1–16 There are rare reports of the growth of metal alloy 
films by ALD. We have successfully deposited FeO and NiO films on oxide substrates by 
low temperature thermal ALD using bis(N,N'-di-t-butylacetamidinato) iron(II) and 
bis(N,N'-di-t-butylacetamidinato) nickel(II) precursors, respectively. Based on this 
experience, CoxFeyOz and NixFeyOz ternary compounds could be deposited by ALD and 
the component ratio could be tuned by tuning the cycle ratio of each component. Then the 
general atomic deuterium reduction method could be employed to produce CoxFey and 
NixFey films by reducing CoxFeyOz and NixFeyOz, respectively. With the tuning of 
component ratio and reduction condition, metal alloy films with a broad range of 
magnetic properties could be expected.   
In addition to the ferromagnetic layers, the ultrathin insulating tunnel barrier layer 
could be deposited by ALD, too. Due to its self-limiting behavior of the sequential 
process, ALD has the advantages of monolayer-level thickness control and excellent 
conformity. The minimum thickness of ALD grown pinhole-free Al2O3 is smaller than 
that of sputtered pinhole-free Al2O3.
17 The low temperature ALD processes of both MgO 
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and Al2O3 films are available and minor changes to the recipes may be needed to deposit 
ultrathin pinhole-free single-crystal tunnel oxide films meeting the requirements of MTJ 
application.18–21 Then an entire MTJ stack like Co/MgO/Co could be deposited by ALD 
and its device performance could be compared with the sputtered MTJ stack.       
Dewetting of metal films on metal oxide substrates is unwanted when continuous 
metal films are required. In addition to the method of lowering process temperature 
employed in this work, other methods suppressing dewetting include the use of a capping 
layer, the use of an adsorbate layer, and the use of an additive to facilitate the wetting of 
metal films over metal oxide substrates. Our recent experiments have confirmed that the 
existence of an Al2O3 capping layer on the top of CoO during reduction process lowered 
the resulting Co film roughness effectively. It is reported that NH3 gas helps to wet 
substrates.22 A reduction study of CoO using ammonia gas as the reducing agent should 
be helpful. Combining the effective methods together may give us the best solution to 
suppressing dewetting.   
Polystyrene has been proved to be effective in inhibiting the nucleation and film 
growth of CoO on oxide substrates. We expect to confirm PS can work as a universal 
platform for selective deposition of metal oxide films. Our recent experiments have 
showed PS worked well for the selective deposition of BaTiO3 and SnO2 on oxide 
substrates. Another useful study is to explore the limits of the PS passivation, such as the 
maximum ALD cycles it could stand before failure and the reaction conditions leading to 
its failure. Optimization of the PS patterning processes including photolithography and 
directed self-assembly is expected to conduct to improve the uniformity of patterns and 
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the fidelity of the pattern transfer. The optimization could focus on the UV-light exposure 
process and the plasma etching process to prepare clean regions of substrates for film 
growth. Other PS patterning methods could also be explored to realize patterns of various 
sizes and shapes.   
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